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ABSTRACT 
Charge  storage  in  silicon  dioxide  resulting  from  low  energy  electron 
irradiation  has  been  observed. The positive  charge  build-up  has  been 
studied in MOS type  structures  for  various  oxide  thicknesses  as  a  function 
of  beam  energy,  electron  fluence,  sample  bias,  electrode  thickness,  and  a 
number  of  oxide-related  parameters. The effective  radiation-induced  oxide 
charge  appears  to  be  a  function  of  beam  energy  dissipated  within  the  oxide 
near  the  oxide-silicon  interface;  this  charge  increases  with  electron 
fluence  up  to  a  saturation  level  which  was  observed in some  steam-grown 
oxides;  the  experimentally  observed  dependence  of  induced  charge  on  applied 
bias is compared  with  that  predicted  by  several  models  for  charge 
accumulation. 
Optical  and  thermal  annealing  of  the  trapped  charge  has  been  studied 
in  an  effort  to  derive  information on the  nature  of  the  oxide  trapping 
levels.  Reduction  of  trapped  charge  by  irradiation  at  small  negative 
biases  has  also  been  explored. 
Finally  the  development  of a  two-carrier  model  for  space  charge 
build-up  in  an MOS structure  is  discussed  and  the  experimental  results  ob- 
tained  for  silicon  dioxide  are  related  to  device  performance  in  the 
radiation  environment. 
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A  STUDY OF CHARGE  STORAGE  IN  SILICON  OXIDE  RESULTING 
FROM  NON-PENETRATING  ELECTRON  IRRADIATION 
By M. Simons, L. K. Monteith, 
and J. R. Hauser * 
SECTION I 
INTRODUCTION 
Thermally  grown  layers  of  silicon  dioxide  are  widely  used  for  pas- 
sivation of  present  day  integrated  circuits  and  silicon  devices.  Not 
only  are  Si02  layers ideal  for terminating  the  silicon  lattice  in  such  a 
way  as  to  minimize  surface  state  densities,  but  they  also  serve as conven- 
ient  insulating  surfaces  on  which to deposit  intraconnecting  paths  and 
passive  components. In metal-oxide-silicon (MOS) devices  where  the  oxide 
serves  as an  integral  part of the  active  device,  oxide  properties  are of 
fundamental  importance.  For  example, MOS device  characteristics  can be 
altered  to  the  point  of  failure  by  extraneous  charge in the  oxide. 
One  such  method  by  which  space  charge is introduced  into  silicon 
dioxide  is  through  exposure  to  ionizing  radiation.  Space  charge  induced 
in  Si02  in  this  manner  can  severely  limit  the  performance  of  both  junction 
and MOS type  devices  employed in a  radiation  environment. It is  the  purpose 
of  this  work  to  obtain  a  better  understanding of the  radiation-induced  space 
charge  build-up in  silicon  dioxide  through  the  use  of  non-penetrating  elec- 
tron  radiation,  which  allows  isolation  of  the  oxide  effects  from  interface  and 
substrate  effects  in  an MOS structure. In addition,  charge  release  will 
be studied  to  gain  some  insight  into  the  nature  of  this  trapped  oxide  charge. 
Because  of  their  extreme  sensitivity  to  the  various  oxide  properties, 
MOS structures  become an invaluable  tool in the  study  of  such  properties. 
The  capacitance,  conductance,  and  bias  characteristics of  the MOS device 
can  be  utilized  to  obtain  information  on  mobile  and  fixed  charge  in  the 
oxide  as well as  on  states  present  at  the  interface.  The  capacitance 
versus  bias  (C-V)  characteristics  of  the  MOS  structure  are  particularly 
useful in measuring  radiation-induced  oxide  charge  and  were  utilized  ex- 
tensively  during  this  work.  Before  proceeding  to  a  discussion  of  the  ex- 
perimental work, the MOS structure  and  its  associated  C-V  characteristics 
will  be  briefly  reviewed. 
The  silicon  surface  layer  of  the MOS configuration  can  be in one  of 
three  states  depending  upon  the  applied  potential.  These  are  accumulation, 
depletion,  and  inversion.  Figure 1 illustrates  the  energy  bands  and  charge 
(a) Accumulation 
(Vg<0) 
( b )  Depletion 
(Vg>0)  
(c) Inversion 
(Vg>>0) 
Figure 1. Charge  Distr ibut ion  (above)   and Band St ruc ture  (be low)  for  P-Type MOS S t r u c t u r e  i n  
Each of Three Bias Regimes 
distributions  for  each  of  these  three  cases  for an ideal  structure (no 
oxide  charge)  utilizing  a  p-type  substrate. When the  metal  electrode  is 
biased  negatively  the  holes  or  majority  carriers are attracted  toward  the 
interface  causing  this  region  to  become m r  p-type  or  "accumulated" as 
indicated in Fig. l(a). The capacitance  per  unit  area  of  the  system is
simply  that  due  to  the  oxide  and is expressed  by 
For  small positive  biases  majority  carriers are repelled  from  the  inter- 
face  leaving  the  ionized  acceptor  impurity  ions  to  form  a  negative  space 
charge  or  depletion  region as  shown  in  Fig. l(b). As  the  depletion  region 
widens  with  increasing  bias,the  overall  capacitance  decreases  from  C  and 
becomes  essentially  the  series  combination  of  the  depletion  region  and 
oxide  capacitances.  Upon  further  increase  of  the  applied  positive  bias, 
the  silicon  surface  begins  to  invert  and  the  depletion  width  saturates. 
This  condition  is  shown in Fig. l(c). Here,  depending  on  the  frequency 
of  the  applied signal, the MOS capacitance  can  either  rise  toward C or 
remain  at  the  lower  level  determined  by  the  series  combination  of  the two
capacitances.  At  frequencies  sufficiently  low  for  the  minority  carriers 
in the  inversion  layer to equilibrate  or  follow  the  applied  signal,  the 
capacitance  will  return  to C as  the  bias  is  increased  further.  At  higher 
frequencies  only  the  majority  carriers  can  follow  the  applied  signal so 
the  capacitance  remains  at  the  lower  level.  Figure 2 illustrates  ideal 
high  and  low  frequency  C-V  characteristics  and  the  three  regimes  just 
described.  The  same  argument  applies  in  the  case  of  an  n-type  substrate 
except  that  the  voltage  polarities  are  reversed.  A  number  of  good  theoret- 
ical  treatments  of  the MOS structure  have  been  published  (Refs. 1 - 5), so 
this  theory will not  be  repeated  here.  Ideal  curves  for MOS capacity  and 
surface  potential  have  been  computed  by  Goetzberger  (Ref. 4 )  for  various 
oxide  thicknesses  and  substrate  resistivities.  These  curves  are  useful in 
comparing  with  the  measured  characteristics. 
0 
0 
0 
Any  positive  charge  trapped  in  the  oxide  of an MOS structure  will  induce 
a  negative  charge in the  underlying  silicon  surface.  This  has  the  effect  of 
producing  a  parallel  displacement  of  the  C-V  characteristics  toward  a  more 
negative  voltage.  This  voltage  displacement AV is, of course,  a  function 
of  the  image  charge  induced  at  the  silicon  surface.  If Nss is  the  effec- 
tive  density  of  surface  charges  reflected  at  the  oxide-silicon  interface, 
then 
0 ox 
E" 
Nss 9 1.6 x 10-l~ x ' 
- 
0 
where E and  x  are  the MKS oxide  dielectric  constant  and  thickness, 
respectively. 
ox 0 
3 
c/co 
””” 
Low Frequency 
High  Frequency 
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Figure 2. Ideal C-V Characteristic  for  P-Type MOS Structure 
Physically  realizable MOS structures  are  somewhat  less  than  ideal in 
that  the  oxide  contains a  finite  positive  charge  both in interface  states 
and in the  bulk.  Thus,  the  initial C-V characteristic  is  displaced  toward 
a negative  voltage;  also,  since  any  charge  residink  in  fast  interface 
states  is a  function  of  the  position  the  Fermi  lev41  at  the  interface,  the 
presence  of  these  states  alters  the  manner i  which’  the  surface  potential 
varies  with  bias.  This  causes  some  deterioration  of  the  slope  of  the C-V
characteristic  in  the  depletion  region  (Ref. 5)
The  fabrication  steps  required  in  preparing  an MOS structure  and 
the  techniques  used  in  making C-V measurements  during  this  work  are 
described  in  the  following  section. 
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SECTION I1 
EXPERIMENTAL  PROCEDURE 
Preparation  and  Characterization 
of MOS Samples 
Considerable  care  is  required in the  preparation  of MOS type  devices 
to  minimize  extraneous  oxide  charge  resulting  from  both  impurity  ions in 
the  oxide  and  surface  states  at  the  oxide-silicon  interface.  Since  one  of 
the  objectives  of  this  research  was  to  investigate  the  role  of  ionic  contam- 
ination in radiation-induced  charge  build-up in  Si0  a  major  effort  was 
directed  toward  reducing  these  extraneous  charge  sources  to an absolute 
minimum  level. 
2' 
Although  much  research  has  recently  been  carried  out on the metal- 
oxide-silicon  system,  particularly  by  research  groups  associated  with 
device  manufacturers,  there has been  a real reluctance  to  reveal  processing 
details  involved in the  preparation  of  high  quality  oxides.  The  usual  ad- 
vice  given  is  simply  to  clean  up  the  wafer  cleaning  and  oxidation  procedures. 
Consequently,  a  variety  of  different  wafer  cleaning  procedures,  oxidation 
methods,  post-oxidation  treatments,  and  metallization  techniques  had  to  be 
tried  and  evaluated in an effort  to  find an optimum  process  for  sample 
preparation.  Although  the  procedure  selected is not  quite  state-of-the-art, 
the  results  obtained  were  sufficiently  good  to  warrant  a  description  of  the 
oxidation  equipment  and  the  steps  followed in preparing  the  samples. 
A  diagram  of  the  thermal  oxidation  system is shown in Fig. 3 .  A 
LindbergIHeavy  Duty  high  temperature  laboratory  furnace,  employing  silicon 
carbide  heating  elements  capable  of  operation  up  to  1482"C,  furnished 
the  regulated  temperature  necessary  for  oxidation.  Temperature  regulation 
was  provided  by  a  built-in  control  unit  employing  a  platinum-platinum 
rhodium  thermocouple.  A  double-walled  quartz  oxidation  tube  was  designed 
to  allow  the  flow  of an inert  gas  down  the  tube  between  inner  and  outer 
walls  for  the  purpose  of  sweeping  out  sodium  or  other  impurity  ions  which 
might  diffuse  from  the  furnace  through  the  quartz  and  contaminate  the 
samples.  Silicon  oxidations  were  carried  out  by  passing  either  oxygen  or 
steam  through  the  center  tube  where  the  samples  were  mounted on a  slotted 
quartz  boat.  Nitrogen  was  directed  through  the  center  tube  during  annealing 
cycles  or  when  the  system  was  not in use.  Commercial  high  purity  bottled 
gases  passed  through  one-half  micron  filters  served as the  oxygen  and ni- 
trogen  sources.  Steam was generated  by  boiling 16-18 megohm-cm,  deionized 
water in a  quartz  flask.  All  quartz-ware  was  etched  with  HF  and  rinsed 
with  deionized  water  before  use. 
The  oxides  studied in this  work  were  grown o boron-doped  single 
crystal  silicon  wafers  of  both 10 and 100 ohm-cm  resistivity.  The wafers, 
which  were  obtained  from  Monsanto  Chemical  Company,  had  a (111) surface 
6 
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A. 0.1~ Filter 
B. Flow Meter 
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Deionized  Water 
Figure 3. Thermal  Oxidation  System 
orientation  and  were  chemically  polished  by  the  manufacturer. It has 
been established  that  the  pre-oxidation  wafer  cleaning  technique is 
very  critical in order  to  maintain  a  minimum  level  of  surface  contami- 
nation,  which, of course,  is  essential  for  the  formation  of  high  quality 
oxides. The following  cleaning  technique  yielded  the  best  results 
during  this  work.  First,  the  wafers  were  boiled  for  several  minutes 
in trichloroethylene  (TCE)  and  then  ultrasonically  cleaned  in  the  same 
solvent  for 2 minutes.  These  steps  were  repeated  using  acetone  as  a 
solvent.  After  a 2 to 5 minute  rinse  in  deionized  water,  the  wafers 
were heated in concentrated  nitric  acid  for  10-15  minutes. A second 
rinse  in  deionized  water  was  followed  by  a  one  minute  soak  in  a 48% HF
solution.  After  a  final 5 to 10 minute  rinse  in  deionized water, the 
wafers  were  dried in  a  jet of  dry nitrogen  and  immediately  loaded  onto 
the  quartz  boat  which  was  inserted  into  the  furnace. 
All oxides  were  grown  at  either  1000°C  or  1100°C.  The  kinetics  of 
silicon  oxidation  in  both  steam  and  dry O2 is well understood  and  has  been 
discussed in  some  detail  (Ref. 6 ) .  Oxide  thickness  could be controlled  to 
within 5 or 10% by  careful  control  of  oxidation  time  and  temperature.  The 
color of the  oxides  when  viewed  perpendicularly  was  found  to  be  a  con- 
venient  means  of  checking  the  thickness to within  several  hundred  angstroms 
(Ref. 6 ) .  After  the  desired  oxidation  time  had  elapsed,  the  wafers  were 
annealed  from 20-30 minutes in  nitrogen  at  the  oxidation  temperature,  then 
rapidly  withdrawn to the  end  of  the  tube where they were allowed  to  cool  to 
room  temperature.  This  anneal  treatment  and  subsequent  rapid  removal  from 
the  furnace  hot  zone  has  been  reported to minimize  that  surface  state  charge 
at  the  oxide-silicon  interface  which  arises  because  of  excess  silicon  species 
introduced  into  the  oxide  layer  near  the  silicon  during  oxidation  (Ref. 7) .  
Following  removal  of  the  wafers  from  the  furnace,  the  front  surface  of 
each  wafer  was  waxed  to  a  glass  slide  with  apiezon wax a d  the  oxide  re- 
moved  from  the  rear  surface  with HF. The  protective  wax  vas  then  removed 
from  the  wafer  by  boiling  several  times  in TCE and  acetone  followed  by  a 
deionized  water  rinse.  Next,  from 10 to 20 percent  of  the  oxide  on  the 
front  surface  was  removed  using B standard  etchant  consisting  of  a  dilute 
HF solution  buffered  with  amonium  fluoride.  Etching  away  the  outer  oxide 
layer  serves  to  remove  contaminants  introduced  by  the  apiezon  wax.  Also, 
since  neutron  activation  analysis of oxidized silicon  has  shown  that  sodium 
ions,presumably  introduced  during oxidatioqtend to  congregate  at  the  outer 
oxide  surface  (Ref. 8 ) ,  removal  of  the  outer  oxide  layer  helps  reduce  this 
source  of  contamination.  After  a  final  five-minute  rinse  in  deionized  water 
the  wafers  were  dried in  nitrogen and  immediately  loaded  into  a  vacuum 
chamber  for  evaporation  of  metal  electrodes  and  ghmic  contacts. 
A  single  electrode,  generally  about  one  centimeter in diameter  with  a 
1 to 2 mm wide  stripe  extending  radially  outward  for  contact  to  the  sample 
holder,  was  evaporated  through  a  metal  mask  onto  each  wafer  when  the  chamber 
pressure reached 2 x 10 to 5 x torr. Most samples were equipped with 
aluminum  electrodes  evaporated  to  various  thicknesses  from  high  purity  aluminum 
-5 
8 
on a  tungsten  filament;  several  samples  bearing  gold  and  silver  elec- 
trodes were  ais0  prepared.  A  shutter  located  between  the  filament  and 
wafers  was  employed  during  all  evaporations  to  shield  the  samples  from 
impurity  atoms  emitted  during  filament  bakeout  prior  to  metallization. 
Deposition  of an aluminum  ohmic  contact on the  rear  surface  of  each  wafer 
completed  preparation  of  the  samples.  Samples  awaiting  irradiation were 
stored at room  temperature in a  glass  container  filled with nitrogen. 
Characterization  of  the MOS samples was accomplished  primarily  by  C-V 
plots  although  dissipation  factor  and  dc  resistance were also  checked. 
C-V  measurements  indicated  that  oxides  grown in dry  oxygen  were  generally 
more  stable  and  had  a  lower  initial  oxide  charge  than  those  grown in 
steam.  Usually  this  initial  or  fixed  positive  charge in both  type  oxides 
could  be  reduced  further  by  annealing  the  completed  samples  at 3OO0C  for 
about 5 minutes in a  nitrogen  environment.  This  charge  reduction  probably 
results  from  the t h e m 1  release of  trapped charge  from  states  at  the 
oxide-silicon  interface  and  perhaps  also  from  the  tendency  of  ionic  impurities 
to  diffuse  away  from  this  interface.  Annealed  oxygen-grown  oxides were 
were  prepared  having  fixed  surface  densities (N ) down to 2 x 10 cm . 11 -2 
ss 
In addition to  the  fixed  oxide  charge,  alkali  ions  constitute  a  mobile 
charge  source  at  elevated  temperatures  and  drift in the  presence of an 
applied  electric  field.  The  presence  of  sodium in the  best  available 
quartz,  as well as  in  apparatus  used in processing  silicon,  practically 
insures  the  presence of this  element in thermally  grown  silicon  oxides. 
A  second  major  source  of  alkali  contamination  of MOS devices  is  generally 
thought  to  be  the  evaporants  and  filaments  used  during  electrode  deposition. 
The  combination of  aluminum  evaporated  from  a  tungsten  filament  has  been 
reported  to be a  particularly  dirty  combination  (Ref. 9 ) .  However,  during 
this  work no significant  differences  were  noted in mobile  charge  densities 
between  samples  with  electrodes of aluminum,  gold, or  silver  evaporated 
from  tungsten  filaments  and  aluminum  deposited  by  electron  beam  evaporation. 
For  2700  A  oxides,  typical  flat  band  voltage  shifts  of 7 volts were  ex- 
perienced  after  a  5  minute  temperature-bias  treatment  at 300°C and 5 x 10 
V/cm. This  voltage  shift  is  equivalent  to  approximately 5 x 10" mobile 
0 
5 
charges  per  cm . This  shift  was  reduced  to  2  volts  or  about  2 x 102 11 
mobile  charges  per  cm2  for  a  2500  sample  whose  oxide  had  been  exposed  to 
a  brief  phosphorus  diffusion  cycle  immediately  after  oxidation.  A  5000  A 
phosphorus-treated  sample  was  prepared  with  a  mobile  charge  density of 
0 
9 X lolo  cm-2.  Radioactive  tracer  experiments  have  shown  that  surface 
passivation  layers  of P 0 glass on silicon  dioxide  act  as  a  getter  or  trap 
for  sodium  ions  and  prevent  their  drift  into  the  oxide  (Ref. 10). 
2 5  
Figure 4 shows  a  block  diagram  of  the  C-V  plotting  system  used  to  ob- 
tain  initial  oxide  charge  data  as  well  as  that  following  irradiation.  The 
ac  voltage  across  resistor  R  (where  R << Xc) is  proportional to the  unknown 
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Figure 4 .  Capacitance vs. Voltage  Plotting  System 
capac i t ance .  The RMS vol tmeter  provides  a d c  o u t p u t  t o  d r i v e  t h e  y - a x i s  01: 
t h e  x-y r eco rde r .  A manual  vol tage sweep w a s  found convenient so  t h a t  
t h e  sweep rate c o u l d  b e  r e t a r d e d  i n  t h e  d e p l e t i o n  v o l t a g e  r e g i o n  w h e r e  
the  capac i t ance  d ip  occur s  and  inc reased  e l sewhere ,  t he reby  speed ing  up 
t h e  o v e r a l l  o p e r a t i o n .  The C-V p l o t  was independent  of  the sweep rate 
provided  the  rate d id  not  exceed  the  sys tem response  time. C-V-measure- 
ments were normally made a t  a s igna l  f requency  of  100  Hz. Typica l  100  kc  
C-V c h a r a c t e r i s t i c s  made b e f o r e  a n d  a f t e r  e x p o s u r e  t o  e l e c t r o n  r a d i a t i o n  
are shown i n  F i g .  5. The e f f e c t i v e  d e n s i t y  of pos i t i ve  cha rge  in t roduced  
i n t o  t h e  o x i d e  is determined  from AV us ing  Eq. (2) .  The s l o p e  of t h e  ir- 
r a d i a t e d  c h a r a c t e r i s t i c  i n  t h e  d e p l e t i o n  r e g i o n  was f requent ly  observed  
t o  d i m i n i s h  w i t h  i n c r e a s i n g  e x p o s u r e .  T h i s  c o u l d  r e s u l t  e i t h e r  f r o m  t h e  
i n t r o d u c t i o n  o f  f a s t  i n t e r f a c e  states by t h e  i n c i d e n t  r a d i a t i o n  o r  f r o m  a 
nonun i fo rmi ty  in  e l ec t ron  exposure  ove r  t he  area beneath the sample 
e l e c t r o d e .  
Several MOS samples  wi th  evapora t ed  s i l i con  monoxide as a d i e l e c t r i c  
were prepared  for   comparison  with  thermally grown S i0   f i lms .  The Si0  
was evapora ted  to  th icknesses  up t o  3.5 microns  from  an R.  D. Mathis Co. 
oven  onto  proper ly  c leaned  p- type  s i l icon  subs t ra tes .  An aluminum e l e c t r o d e  
2 * 
evaporated over  
less than about 
the   ox ide   cbmple ted   the  MOS s t r u c t u r e .  Samples  with  oxides 
2 microns  th ick  were unsa t i s f ac to ry  because  of  low oxide 
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Figure  5. Rad ia t ion  Induced  Sh i f t  i n  MOS C-V C h a r a c t e r i s t i c  
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resistivity.  Attempts  to  make  C-V  plots on the Si0 structures were un- 
successful  either  because  of  the low oxide  resistance  or  due  to  its  excessive 
thickness. The thickness  of Si0  films  was  measured  using  standard  optical 
interferometer  techniques.  Since  C-V  plots  could  not be used  to  measure 
the  radiation-induced  chargejbuild-up  and  release in the Si0  samples, ex- 
ternal  charge  release  measurements  were  made in these  units.  These  measure- 
ments  simply  involve  observation  of  the  charge  transfer in an external 
circuit  following  irradiation.  Frequently  the  distribution  of  oxide  charge 
is  inferred  from  this  type  data. A complete  discussion  of  these  techniques 
is  contained in Refs. 11 and 12. 
Electron  Irradiations 
Most  of  the  electron  irradiations  conducted  during  the  project were
of  relatively  low  energy  (less  than  30  keV), since the  primary  objective 
of  the  contract  was  to  study  the  effects  produced  by  non-penetrating 
electrons. A Brad-Thompson  Model  776-W  electron  gun  served  as  the  low 
energy  electron  source.  The  electrons  are  emitted  from  a  hot  tungsten 
filament  and  accelerated  through  a  dc  potential  regulated  to within 5 2%. 
The  electron  beam  was  sufficiently  defocused  to  provide  a  uniform  flux 
density  over  a  target  area  of  approximately 1 cm . The  beam  current 
density  could  be  accurately  controlled  from 10-l' amps/cm2  up  to  about 
2 
amps/cm2.  Electrostatic  and  magnetic  focusing  together  with an elec- 
trostatic  deflection  system  are  contained in the  cylindrical  gun  housing. 
The gun  was  mounted  on  one  side  of  a 12 inch  cubic  irradiation  chamber 
fabricated  from 314 inch  aluminum  to  provide  operator  protection  and  elec- 
trostatic  shielding.  Chamber  pressures  were  maintained  at 10 torr  or 
below  during all irradiations  by an oil diffusion  pump  attached  to  the 
bottom  port  of  the  aluminum  chamber. 
-5 
The  experimental  arrangement  inside  the  chamber  is  shown in Fig.  6. 
The  silicon  wafer  containing  the MOS structure  was  spring-clipped  into  a 
recessed  area  of  a 1/2 inch  aluminum  sample  holder  with  the  sample  elec- 
trode  centered  over  a  beam  aperture.  The  aluminum  holder in turn  was 
attached  to  the  bottom  of  a  one-foot  section  of  stainless  steel  tubing 
extending  through  a  vacuum  feedthrough in the  top  of  the  chamber. The 
tube  could  be  filled  with  liquid  nitrogen  to  reduce  the  sample  temperature. 
Electrical  contact  to  the  sample  was  maintained  through  the  spring  clip  to 
the  silicon  ohmic  contact  and  through  the  aluminum  holder  to  the  irradiated 
electrode. The spring  clip  was  insulated  from  the  holder  by  a  ceramic 
stand-of€  recessed  into  the  aluminum  to  reduce  charge  accumulation on the
insulator  surface. A shutter  containing  an  aluminum  pick-up  button  was 
used in positioning  the  beam,  measuring  beam  current,  and  controlling 
sample  exposure  intervals. An aluminum  plate  with  a  circular  aperture  was 
positioned  between  the  shutter  and  electron  gun  to  help  collimate  the  beam. 
Observation  and  additional  access were  made  possible  by  a  stainless  steel 
plate  containing  a  quartz  observation  window  on  one  side  of  the  chamber. 
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Figure 6. Irradiation Chamber 
Since  the  backsca t t e r ing  coe f f i c i en t  and  secondary  e l ec t ron  y i e ld  fo r  
bu lk  aluminum are b o t h  s i g n i f i c a n t ,  a c o r r e c t i o n  f a c t o r  h a d  t o  b e  u s e d  i n  
f ind ing  the  p r imary  beam curren t  f rom the  cur ren t  measured  a t  t h e  aluminum 
pick-up. The b a c k s c a t t e r i n g  c o e f f i c i e n t  f o r  b u l k  aluminum has  been  repor ted  
a t  0 .14  ove r  t he  ene rgy  r ange  o f  i n t e re s t ,  wh i l e  t he  secondary  y i e ld  va r i e s  
from 0 . 2  a t  20 keV up t o  a b o u t  0 .7  a t  2 o r  3 keV (Ref .   13) .  It is es t ima ted  
t h a t  t h e  c o r r e c t e d  p r i m a r y  beam c u r r e n t s  c o u l d  h a v e  b e e n  i n  e r r o r  by  25% a t  
the  lower  ene rg ie s .  
The cha rge  bu i ld -up  in  the  ox ide  of a n  i r r a d i a t e d  MOS sample was 
measured  following  each  exposure  increment.  The  induced  charge  build-up 
was obtained as a f u n c t i o n  of e l e c t r o n  f l u e n c e  w i t h  beam energy and sample 
b ias  as  parameters .  S ince  the  exposure  rate w a s  found  to   have a t  most  only 
a second  o rde r  e f f ec t  on  the  cha rge  bu i ld -up ,  e i the r  t he  beam c u r r e n t  o r  
the exposure t i m e  cou ld  be  va r i ed  du r ing  a g iven  sequence  to  inc rease  the  
exposure  increment.  An i r r a d i a t i o n  s e q u e n c e  w a s  terminated  whenever  the 
t o t a l  i n d u c e d  c h a r g e  i n  t h e  o x i d e  became s u f f i c i e n t l y  l a r g e  t h a t  m e a s u r e -  
ment  of t h i s  c h a r g e  r e q u i r e d  t h e  a p p l i c a t i o n  of a n  e l e c t r i c  f i e l d  a p p r o a c h i n g  
d i e l e c t r i c  breakdown  of the  oxide.   For   Si0  prepared  in   dry  oxygen,breakdown 
6 occurred- in   the   ne ighborhood  of  2 X 1 0   v o l t s   p e r  cm. Steam ox ides   u sua l ly  
r equ i r ed  a h igher  f ie ld  to  produce  breakdown.  
2 
I r r a d i a t i o n s  were conducted from 3 keV up t o  30 keV a t  f l u e n c e s  i n  
the range between l o l o  and  1014 e/cm2. Beam c u r r e n t s  were var ied between 
10-l' and amps/cm , which is  e q u i v a l e n t   o   f l u x   d e n s i t i e s  from  6.2 x 10 
t o   6 . 2  X 1 0   e l e c t r o n s   p e r  cm p e r  sec. 
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A series of h i g h  e n e r g y  i r r a d i a t i o n s  were c a r r i e d  o u t  u s i n g  t h e  1 MeV 
Dynami t ron  acce lera tor  a t  Langley  Research  Center  in  order  to  obta in  addi -  
t i o n a l  i n f o r m a t i o n  i n  t h e  c h a r g e  b u i l d - u p  i n  S i 0  as a f u n c t i o n  of e l e c t r o n  
e n e r g y .   I n   t h i s   a c c e l e r a t o r   t h e   s w e p t   e l e c t r o n  beam c o v e r e d   s u f f i c i e n t  
area s o  t h a t  f o u r  MOS samples  could  be  exposed  simultaneously.  The samples 
were moun ted  a long  the  cen te r  l i ne  o f  a r e c t a n g u l a r  aluminum h o l d e r  i n  much 
t h e  same manner as d e s c r i b e d  f o r  low e n e r g y  i r r a d i a t i o n s .  The beam c u r r e n t ,  
which w a s  measured by a Faraday cup located between the samples ,  w a s  averaged 
o v e r  t h e  i s o c e l e s  t r a n g u l a r  sweep c y c l e  of approximately 85 m s  d u r a t i o n .  
I r r a d i a t i o n s  were performed a t  a v e r a g e  f l u x  d e n s i t i e s  o f  l o 9  and l o l o  e l ec -  
t r o n s  p e r  c m  p e r  sec. During tes t  runs made p r i o r  t o  t h e  200 keV and 1 MeV 
sample  i r r ad ia t ions ,  coba l t  g l a s s  dos ime te r s  i nd ica t ed  beam uniformity over  
t h e  t a r g e t  a r e a  t o  b e  w i t h i n  5 10% of that measured a t  t he  Fa raday  cup .  
Again, C-V measurements were made on  each  uni t  fo l lowing  se lec ted  exposure  
i n c r e m e n t s  u n t i l  t h e  d e s i r e d  t o t a l  e x p o s u r e  w a s  reached. 
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SECTION I11 
CHARGE BUILD-UP 
General 
Exposure  of  silicon MOS type  structures  to  ionizing  radiation  is 
consistently  reported  to  produce  a  positive  charge  build-up n the  oxide 
regardless  of  the  type  of  irradiation. The positive  charge in the  oxide 
induces  a  negative  charge in the  silicon  and  results in a parallel  shift 
of  the  C-V  characteristic in the  negative  direction  along  the  voltage 
axis.  Although  the  C-V  displacement is  a convenient  means  for  studying 
the  charge  build-up  process in silicon  dioxide,  a  corresponding  shift n 
the  I-V  characteristics  of MOS type  transistors  unfortunately  serves  to 
degrade  the  performance  of  these  devices in a  radiation  environment. It 
has  generally  been  observed  that  such  factors  as  the  electric  field in the 
oxide,  type  and  energy  of  irradiation,  and  method  of  oxidation  have  a 
strong  effect  on  the  induced  charge.  Other  factors  such  as  flux  density, 
temperature,  and  various  oxide  characteristics  have  been  found  to  play  a 
lesser  role in the  build-up  process. 
A major  goal  of  this  work  was  to  study  the  charge  accumulation  process 
in  electron-irradiated  Si0  To  accomplish  this  goal,  irradiations  were 
conducted on different  type  oxides  as  a  function  of  sample  bias,  oxide 
thickness,  electron  energy,  and  electron  fluence.  Variation  of  the  elec- 
tron  energy  from  levels  as  low  as 3 keV  allowed  the  induced  charge  to  be 
studied  as  a  function  of  the  beam  penetration  depth  in  the  oxide. 
Irradiations  were  also  conducted on samples  having  different  types  and 
thicknesses  of  metal  electrodes  to  see  how  variation  of  these  parameters 
would  affect  the  induced  charge. 
2'  
Most  of  the  oxides  irradiated  were  prepared  in  oxygen  rather  than 
steam  since  steam-grown  oxides  usually  had  a  higher  level  of  residual  con- 
tamination  and  were  less  stable  under  temperature-bias  stress.  Since  no 
information  was  available  as to  the  role  which  sodium  and  other  oxide 
contaminants  play  in  the  charge  build-up  process,  oxides  with  minimum  im- 
purity  concentrations  were  investigated  before  proceeding  to  the  contami- 
nated  oxides.  Several  samples  with  steam-grown  oxides  were  prepared  and 
irradiated  to  provide  a  comparison  with  the  charge  accumulation  observed 
in oxygen  oxides. 
The  general  procedure  followed in carrying  out  the  irradiations  was 
to  expose a  sample  under  a  given  set  of  conditions  and  measure  the  C-V 
displacement  after  selected  exposure  increments  over  several  orders  of 
magnitude  of  electron  fluence.  The  effective  oxide  charge  was  then  re- 
moved  or  reduced  either  by  thermal  annealing  or  by  irradiation  at  a  small 
negative  bias  as  described in the  next  section.  The  same  sample  could  then 
be  re-irradiated  under  a  different  set  of  conditions,  thereby  preventing 
variations  which  might  arise  from  using  a  different  sample.  Reproducibility 
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of  da ta  on  a given sample w a s  good and  usua l ly  the  var ia t ions  be tween 
d i f f e ren t  s amples  hav ing  ox ides  grown simultaneously were r e l a t i v e l y  
small. 
Effect  of  Sample Bias 
I n  o r d e r  f o r  a n e t  c h a r g e  d e n s i t y  t o  b e  i n d u c e d  i n  a d i e l e c t r i c ,  
separa t ion   and  selective trapping  of  charged carriers are required.   Thus,  
t h e  e lectr ic  f i e l d  p r e s e n t  i n  s i l i c o n  d i o x i d e  d u r i n g  i r r a d i a t i o n  would be 
e x p e c t e d  t o  h a v e  a n  e f f e c t  o n  t h e  d i s t r i b u t i o n  o f  t r a p p e d  c h a r g e  by in- 
f l u e n c i n g  t h e  m o t i o n  a n d  d i s t r i b u t i o n  o f  r a d i a t i o n  i n d u c e d  f r e e  c a r r i e r s .  
F igu re  7 shows AV f o r  t h e  C-V c h a r a c t e r i s t i c  as a func t ion  of  5 keV elec- 
t r o n  f l u e n c e  f o r  s e v e r a l  v a l u e s  o f  p o s i t i v e  b i a s  a p p l i e d  t o  a sample having 
a 2500 A oxygen-grown oxide.  The negat ive  vol tage  d isp lacement  or  induced  
c h a r g e  i n c r e a s e s  r a p i d l y  w i t h  t h e  t o t a l  e x p o s u r e  a n d  shows a s t r o n g  de- 
pendence  on  the  b i a s  app l i ed  du r ing  i r r ad ia t ion .  No s i g n  o f  s a t u r a t i o n  is 
e x h i b i t e d  by the  d isp lacement  curves  which  ex tend  to  a maximum AV of 50 
v o l t s ,  w h e r e  i r r a d i a t i o n s  were t e r m i n a t e d  t o  p r e v e n t  t h e  f i e l d  a p p l i e d  
du r ing  C-V measurement  (approximately 2 x l o 6  V/cm) from producing lo- 
c a l i z e d  s h o r t s  i n  t h e  o x i d e .  I f  i t  i s  assumed t h a t  mos t   o f   the   pos i t ive  
charge  i s  t r a p p e d  c l o s e  t o  t h e  o x i d e - s i l i c o n  i n t e r f a c e ,  t h e n  50 v o l t s  
corresponds t o  an  induced  charge  densi ty   of  4 X 1 0  cm . 
0 
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The same d a t a  f o r  a sample having a 2500 A ox ide  grown i n  steam is 
shown i n  F i g .  8. Again   the   induced   pos i t ive   charge  is s t rongly   dependent  
on  app l i ed  b i a s ,  a l t hough  the  steam o x i d e  e x h i b i t s  a much lower  rad ia t ion  
s e n s i t i v i t y  t h a n  t h e  oxygen  ox ide ,  pa r t i cu la r ly  a f t e r  unde rgo ing  a 3OO0C 
a n n e a l  f o r  several m i n u t e s .  A n o t h e r  s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  s a t -  
u ra t ion  o f  AV i n  t h e  a n n e a l e d  steam ox ide .  Th i s  occur s  in  the  f luence  
range above 10l2 - 1013 e/cm , p a r t i c u l a r l y  a t  lower  l eve l s  of app l i ed  2 
b ias .  Wi th  the  excep t ion  o f  t he  ox ida t ion  me thod ,  i den t i ca l  p rocess ing  
s t e p s  were f o l l o w e d  i n  p r e p a r i n g  t h e  two samples and, i n  t h i s  case, bo th  
samples   exhib i ted   a lmost   the  same leve l  of   oxide  contaminat ion.  The 
m a r k e d  d i f f e r e n c e  i n  r a d i a t i o n  s e n s i t i v i t i e s  b e t w e e n  t h e  two oxides  in-  
d i c a t e d  t h a t  t h e  steam oxide has  a s i g n i f i c a n t ] . ~  l o w e r  t r a p  d e n s i t y .  
F igure  9 i l l u s t r a t e s  AV as a f u n c t i o n  of t h e  p o s i t i v e  and  negat ive  
b i a s  a p p l i e d  d u r i n g  i r r a d i a t i o n  f o r  b o t h  2500 A oxide  samples.  The v o l t a g e  
d i s p l a c e m e n t  p l o t t e d  f o r  t h e  steam sample corresponds approximately to  the 
0 
s a t u r a t i o n   v a l u e  (AV ), p a r t i c u l a r l y   f o r   l o w e r   b i a s e s .   W h i l e  AV h a s   j u s t  
a b o u t  s a t u r a t e d  a t  5 x 1 0 l 2  e/cm2 i n  t h e  steam oxide ,  a f l u e n c e  of only 
sa t  
1 .5  X 10l1 e/cm2 i s  seen  to  produce  a comparable  vol tage  d isp lacement  in  
the  non-sa tura t ing  oxygen oxide  a t  a g i v e n  p o s i t i v e  b i a s .  I t  i s  i n t e r e s t i n g  
to  note  tha t  a l though the  curve  p lo t ted  for  the  oxygen sample  does  not  
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r e p r e s e n t  t h e  s a t u r a t i o n  d i s p l a c e m e n t ,  b o t h  c u r v e s  e x h i b i t  a similar 
func t iona l  dependence  on  pos i t ive  b ias .  A t  small biases AV varies a lmost  
l i n e a r l y  w i t h  a p p l i e d  b i a s ;  as t h e  b i a s  i n c r e a s e s  AV f a l l s  o f f  from a 
l inea r   t oward  a parabol ic   dependence.  A t  n e g a t i v e   b i a s e s  AV i s  
smaller i n  t h e  oxygen oxide and tends to  l eve l  o f f  o r  s a t u r a t e  as t h e  
a p p l i e d  b i a s  i s  i n c r e a s e d  i n  t h e  n e g a t i v e  d i r e c t i o n .  I n  b o t h  u n i t s  
minimum AV occur s  a t  a small n e g a t i v e  b i a s ,  somewhere i n  t h e  v i c i n i t y  
of -1 v o l t .  It i s  a t  t h i s  b i a s  t h a t  many samples  can  be  i r rad ia ted  a t  a 
s u i t a b l e  e n e r g y  t o  r e t u r n  t h e  C-V p l o t  t o  i ts  i n i t i a l  p r e - i r r a d i a t i o n  
p o s i t i o n  (see Sec. IV). 
s a t  
The l i n e a r i t y  o f  c h a r g e  b u i l d - u p  w i t h  a p p l i e d  p o s i t i v e  b i a s  i s  
emphasized i n  F i g .  1 0 ,  w h i c h  shows AV as a f u n c t i o n  o f  p o s i t i v e  a n d  
n e g a t i v e  b i a s e s  f o r  a 9200 A oxygen  ox ide  i r r ad ia t ed  wi th  14  keV elec- 
t r o n s  a t  a f luence  of   approximately  10l1 e/cm2. I n  t h i s  case AV, 
wh ich  does  no t  r ep resen t  t he  sa tu ra t ion  d i sp lacemen t ,  shows e s s e n t i a l l y  
a l i n e a r  b i a s  d e p e n d e n c e  o u t  t o  a t  least  +12 v o l t s .  
0 
Figure  11 shows AV as a func t ion  of  5 keV e l e c t r o n  f l u e n c e  f o r  a 
sample  with a 5000 A oxygen  ox ide  i r r ad ia t ed  a t  several b i a s  l eve ls .  Th i s  
sample  had  been  annealed a t  3 O O 0 C  p r i o r  t o  b e i n g  i r r a d i a t e d .  F i g u r e  11 i s  
drawn t o  t h e  same scale as tha t  o f  F ig .  7 i n  terms o f  t h e  e f f e c t i v e  d e n s i t y  
of   induced   charge   o r   the   dens i ty   o f   charged  states N . I n  comparing N 
i n  t h e  2500 A and 5000 A oxygen oxides, i t  is  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  
a g iven   f l uence   and   b i a s ,N  is  smaller i n  t h e  5000 A sample.   This   dis-  
p a r i t y  c a n  b e  a t t r i b u t e d  t o  t h e  mean range of approximately 2000 A f o r  
5 keV e l ec t rons   i n   S i02 .   Consequen t ly ,  a t  th i s   ene rgy   f ewer   ho le s  w i l l  
be  gene ra t ed  and  t r apped  nea r  t he  S i -S i02  in t e r f ace  in  the  th i cke r  s ample .  
0 
0 0 ss  ss 
0 
ss 0 
A number of models have been proposed t o  e x p l a i n  t h e  p o s i t i v e  c h a r g e  
build-up i n   S i 0   d u r i n g   i r r a d i a t i o n .  I t  i s  g e n e r a l l y   a g r e e d   t h a t   e l e c t r o n -  
h o l e  p a i r s  are genera ted  by t h e  i o n i z i n g  r a d i a t i o n ;  t h e  e l e c t r o n s ,  h a v i n g  
a h i g h e r  m o b i l i t y  i n  t h e  o x i d e  t h a n  h o l e s ,  a re  swept  out  by the appl ied 
f i e l d  l e a v i n g  t h e  less mob i l e  ho le s  to  be  t r apped  somewhere i n  t h e  o x i d e .  
T h i s  p r o c e s s  c o n t i n u e s  u n t i l  t h e  h o l e  t r a p s  are s a t u r a t e d  t h e r e b y  l i m i t i n g  
fur ther  charge  bui ld-up .  A common assumption  of   the  var ious  models  i s  
tha t  t he  cha rge  bu i ld -up  t akes  p l ace  ve ry  c lose  to  the  ox ide - s i l i con  
in te r face .  This  assumpt ion  has  been  ver i f ied  exper imenta l ly  by  progres-  
s i v e l y  e t c h i n g  away l a y e r s  o f  o x i d e  i n  s a m p l e s  i r r a d i a t e d  w i t h  1 MeV elec- 
t r o n s  a t  ze ro  b i a s  (Ref .  14)  and i n  samples  exposed t o  X-rays a t  p o s i t i v e  
b ias   (Ref .   15) .  It w a s  found i n  b o t h  c a s e s  t h a t  t h e  p o s i . t i v e  c h a r g e  was 
t rapped  wi th in  about  100  A of the  S i -S i02  in t e r f ace .  One might  expect 
t h a t  w i t h  a p o s i t i v e  b i a s  a p p l i e d  t o  t h e  m e t a l  e l e c t r o d e  d u r i n g  i r r a d i a t i o n  
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Figure 10. Charge Build-up vs. Applied Bias i n  9200 A Oxygen Oxide 
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Figure 11. Charge  Build-up vs. Fluence i n  5000 A Oxygen Oxide a t  Var ious  Pos i t ive  Bias Levels 
and with most of t h e  p o s i t i v e  s p a c e  c h a r g e  c o l l e c t i n g  n e a r  t h e  S i - S i 0 2  
b o u n d a r y , a  n e g a t i v e  b i a s  s h o u l d  r e s u l t  i n  a p o s i t i v e  s p a c e  c h a r g e  r e g i o n  
a t  t h e   m e t a l - S i 0   i n t e r f a c e .  A t  z e r o  e x t e r n a l  b i a s  i t  becomes  more d i f -  
f i c u l t  t o  p r e d i c t  t h e  c h a r g e  d i s t r i b u t i o n  since i t  would be  a f u n c t i o n  of 
i n t e r n a l  f i e l d s  a r i s i n g  f r o m  i o n i c  c o n t a m i n a n t s  o r  c o n t a c t  p o t e n t i a l s .  
2 
V a r i o u s  d i s t r i b u t i o n s  f o r  t h e  p o s i t i v e  t r a p p e d  c h a r g e  h a v e  b e e n  
proposed to  account  for  observed dependences of  charge accumulat ion on bias  
app l i ed  du r ing  i r r ad ia t ion .  Grove  and  Snow have shown t h a t  f o r  a s p a t i a l l y  
u n i f o r m  d i s t r i b u t i o n  of s i n g l e - l e v e l  t r a p s  t h e  s a t u r a t i o n  level of induced 
charge i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  a p p l i e d  b i a s  ( R e f .  15). 
This  is e s s e n t i a l l y  t h e  same  model  used  by Von Hippe l  t o  exp la in  the  fo r -  
mation of c o l o r - c e n t e r s  i n  a l k a l i  h a l i d e s  i l l u m i n a t e d  u n d e r  b i a s .  F o r  t h e  
i r r a d i a t e d  MOS s t r u c t u r e  t h i s  model s a y s  t h a t  t h e  w i d t h  of the space charge 
r eg ion  ex tend ing  f rom the  S i -S i02  in t e r f ace  in to  the  ox ide  inc reases  wi th  
i r r a d i a t i o n  u n t i l  i t  s a t u r a t e s  a t  a d is tance  de te rmined  by  the  appl ied  
b i a s .  A t  s a t u r a t i o n  a l l  of  t he   app l i ed   vo l t age  is  dropped  across   the 
space   cha rge   r eg ion .   In   t he   i dea l   ca se   t he   t h i ckness  d of t he  space charge 
reg ion  i s  g iven  by 
where N i s  t h e   t r a p   d e n s i t y   i n  cm and V t he   app l i ed   vo l t age   o r ,more  - 3  
prec i se ly , the   vo l t age   d ropped   ac ross   t he   space   cha rge   r eg ion .  The sat- 
ura ted  charge  p e r  u n i t  area, Qsa t ,  wi th in  the  oxide  can  then  be  expressed  
a s  q N  d. The saturated image  charge  per   uni t  area i n d u c e d  i n  t h e  s i l i c o n  
i s  then  
t g 
t 
where x is the   ox ide   t h i ckness .   S ince  i t  is assumed t h a t  d << x 
E q .  ( 4 )  becomes 
0 . 0, 
This  s impl i f i ed  model c o r r e c t l y  p r e d i c t s  t h e  s a t u r a t i o n  o f  i n d u c e d  
charge  wi th  increas ing  exposure  and  the  polar i ty  of  ga te  b ias  needed  to  
produce   the   l a rger  AV s h i f t .  A l s o ,  i t  provides  a good approximat ion   to  
some of t he   expe r imen ta l ly   obse rved   da t a   fo r   t he   dependence  of Q’ on 
s a t  
23 
the  applied  bias V. Grove  and  Snow  observed  that Q' seemed  to  follow sat 
at  low biases in X-irradiated  MOS  structures.  When  the model was 
g 
fitted  to  the  experimental  data  it  led  to  a  trap  density  of  about 10
which  agrees  with  that  found  for  fused  quartz  by  Compton  and  Arnold  during 
optical  studies (Ref. 16). Zaininger  and  Holmes-Seedle  have  also  reported 
a  dependence for  QAat  in  the  case  of  MOS  units  irradiated  with 1 MeV 
electrons  (Ref. 17). 
18 cm-3 
Y 
Although  the  model  discussed  above  has  a  number  of  attractive  features, 
perhaps  the  majority  of  experimental  evidence  points  to  a  linear  dependence 
of QAat on the  bias  applied  during  irradiation.  Later  data  taken  by  Snow 
and  co-workers  (Ref. 18) along  with  that  reported  by  Speth  and  Fang  (Ref. 19) 
and  MacDonald  and  Everhart  (Ref.  20)  indicates  that Qiat  more  closely  fol- 
lows  a  linear  voltage  dependence.  There  are  several  distributions  of  charge 
in the  oxide  that will account  for  this  dependence.  Speth  and  Fang  sug- 
gested  that  the  positive  charge  layer  is  uniformly  distributed  within  a 
distance d from  the  Si-Si02  interface.  This  distance  is  assumed  constant 
and  independent  of  applied  bias.  Such  a  model  has  been  discussed  quanti- 
tatively  by Wilson,  et  al.,  (Ref. 211,  who  developed an expression  for AV 
as a  function of  both  applied  bias  and  exposure  time  at  a  constant  flux  den- 
sity.  Using  a  one-carrier  model,  neglecting  diffusion,  and  assuming  that 
there is  no trapping  other  than  the  fixed  positive  charge  in  the  constant 
width  space  charge  region,  the  image  charge  induced in the silicon  was 
calculated  to  be 
where  g  is  the  generation  rate in pairs  cm  sec  and  where -3  -1 
The mobility-lifetime  product, P ~ T ~ ,  for  electrons in  Si0  has  been  re- 2 
ported by Goodman to be 2.1 X m2/V (Ref. 22). At negative biases 
the  positive  space 
interface  but  will 
expression  for  the 
charge  collects  within  a  distance d of  the  metal-Si0 
induce  a  smaller  image  charge  in  the  silicon. The 
image  charge in this case  is 
2 
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This  mode l  p red ic t s  t ha t  fo r  l a rge  doses  Q ' ( t )  exponen t i a l ly  approaches  
a s a t u r a t i o n  level Q' which i s  a l i n e a r   f u n c t i o n  of V . Also, QAat 
s h o u l d  s a t u r a t e  f o r  l a r g e  v a l u e s  o f  V as a l l  t r aps  wi th in  the  r eg ion  o f  
w id th  d  become s a t u r a t e d .  S i n c e  t h e  f l u x  d e n s i t y  a p p e a r s  o n l y  i n  t h e  p r o d u c t  
g t ,  t h i s  model a l s o  a c c o u n t s  f o r  t h e  commonly observed independence of 
charge  bui ld-up  versus  f luence  on  the f l u x  d e n s i t y .  The m a j o r  o b j e c t i o n  t o  
t h i s  m o d e l  i s ' - ' t h e  d i f f i c u l t y  i n  p h y s i c a l l y  j u s t i f y i n g  a l l  t r a p s  b e i n g  
l o c a t e d  w i t h i n  a f i x e d  d i s t a n c e  o f  t h e  S i - S i 0 2  i n t e r f a c e .  I n t u i t i v e l y ,  
one would' s t i l l  e x p e c t  t h e  t r a p s  t o  f i l l  a t  least i n i t i a l l y  f r o m  t h e  i n t e r -  
face,  which would give the square root dependence of Qiat on V . However, 
i f  t h e  model is  assumed t o  b e  c o r r e c t  a n d  is  a p p l i e d  t o  t h e  2500 A steam 
oxide  of  F ig .  9 ,  where the charge bui ld-up i s  s e e n  t o  h a v e  gn i n i t i a l  
l inear   dependence  on V a space  charge  width  of  about 600 A is ob ta ined .  
Us ing   th i s   va lue   and   assuming AV would s a t u r a t e  a t  1 0 0   v o l t s   d u e   t o   t r a p  
s a t u r a t i o n ,  t h e n  t h e  t r a p  d e n s i t y  w o u l d  b e  o f  t h e  o r d e r  of 1 0 l 8  ~ m - ~ .  The 
non-saturat ing behavior  seen in  most  of  the i r radiated oxygen oxides  im-  
p l i e s  t r a p  d e n s i t i e s  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  t h a n  t h i s .  
sa t  g 
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Two o t h e r  p o s s i b l e  t r a p  d i s t r i b u t i o n s  h a v e  b e e n  d i s c u s s e d  by Snow, 
e t  a l .  , (Ref.   18).  The f i r s t  assumes t h a t  t h e  h o l e  t r a p s  are uniformly 
d i s t r i b u t e d  i n  e n e r g y  w i t h i n  t h e  b o t t o m  p o r t i o n  o f  t h e  f o r b i d d e n  b a n d  a n d  
are spa t i a l ly   un i fo rm  th roughou t   t he   ox ide .   Rega rd le s s  of t r a p  d e n s i t y ,  
t h i s  model  pred ic t s  the  l inear  dependence  of QAat on V o u t  t o  o n l y  3 o r  4 
vo l t s ,  a f t e r  wh ich  the  vo l t age  dependence  becomes pa rabo l i c .  A l though  th i s  
seems t o  f i t  t h e  d a t a  f o r  t h e  s a t u r a t i n g  steam o x i d e  i n  F i g .  9 ,  a l i n e a r  
r e l a t ionsh ip   has   been   obse rved   ou t   t o  9 vo l t s   (Re f .  18). For   small  
a p p l i e d  v o l t a g e s ,  t h e  s a t u r a t e d  c h a r g e  g i v e n  by t h i s  model is 
i3 
QAat - (qEox t E  N V g '  
where N i s  t h e   d e n s i t y  of t r a p s   i n  cm eV-l. The c h a r g e   d i s t r i b u t i o n  
decays  exponent ia l ly  f rom the  in te r face  wi th  a c h a r a c t e r i s t i c  l e n g t h  
-3 
t E  
which is independen t  o f  app l i ed  vo l t age  in  the  l i nea r  vo l t age  r eg ion .  
App l i ca t ion  of t h i s  model t o  t h e  steam oxide of Fig.  9 y i e l d s  a t r a p  
d e n s i t y  of approximately 6 X 10 and a c h a r a c t e r i s t i c  s p a c e  
charge length of  600 A. T h i s  t r a p  d e n s i t y  i s  too  small t o  a c c o u n t  f o r  
1 6  cm-3 ev-l 
0 
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t h e  c o n t i n u i n g  rate of cha rge  bu i ld -up  in  th i s  s ample .  The displacement  
AV would have t o  s a t u r a t e  a t  35 v o l t s  when a l l  t r aps  wi th in  the  bo t tom 
4 eV of the  forb idden  band of  th i s  2500 A sample were occupied. 
0 
The o t h e r  d i s t r i b u t i o n  w h i c h  g i v e s  a l i nea r  vo l t age  dependence  is a 
d i s t r i b u t i o n  i n  w h i c h  t h e  s p a c e  c h a r g e  is  c o n f i n e d  t o  a r eg ion  of width d 
a t  a d i s t a n c e  x  away from  the Si-Si02 in t e r f ace   where  d << x Here t h e  
sa tu ra t ed  cha rge  is simply 
1 1' 
It was sugges t ed  tha t  t he  absence  of i o n i z e d  t r a p s  i n  t h e  r e g i o n  a d j a c e n t  
t o  t h e  i n t e r f a c e  c o u l d  r e s u l t  e i t h e r  f r o m  a low t r ap  dens i ty  o r  f rom a 
h igh   concen t r a t ion   o f   de fec t s   (Re f .  18). The l a t t e r  p o s s i b i l i t y  was ex- 
p l a ined  by the  de fec t s  caus ing  the  ox ide  to  become  more conduct ive thereby 
a l l o w i n g  e l e c t r o n s  t o  move f r o m  t h e  s i l i c o n  a n d  n e u t r a l i z e  t h e  t r a p p e d  
holes .  However, o n e   d i f f i c u l t y   w i t h   t h i s   h y p o t h e s i s  i s  t h a t  e l e c t r o n s  
i n j e c t e d  i n t o  t h e  o x i d e  f r o m  t h e  s i l i c o n  would s t i l l  need t o  overcome a 
barr ier   energy  of   approximately  4 .25 eV. S i n c e  t h i s  p r o c e s s  p r o c e e d s  a s  
the  logar i thm of  the  e lapsed  time, as w i l l  be  shown i n  Sec. I V ,  consider- 
a b l e  time w o u l d  b e  r e q u i r e d  f o r  s i g n i f i c a n t  c h a r g e  n e u t r a l i z a t i o n  i n  r e g i o n  
x No explana t ion   has   been   sugges ted   for  a reduced   dens i ty  of t r a p s  ad- 
j a c e n t  t o  t h e  i n t e r f a c e  a n d ,  i n d e e d ,  t h e  l a c k  o f  i o n i z e d  t r a p s  a d j a c e n t  
t o  t h e  i n t e r f a c e  d o e s  n o t  seem to  be  suppor t ed  by experimental  evidence.  
1' 
Each of t h e  f o u r  s t e a d y  s ta te  c h a r g e  d i s t r i b u t i o n s  d i s c u s s e d  a r e  de- 
p i c t e d  i n  F i g .  1 2  f o r  s e v e r a l  v a l u e s  o f  a p p l i e d  b i a s .  The d i s t r i b u t i o n  of 
F ig .  12(a)  g ives  the  square  root  dependence  of  Qiat on app l i ed  b i a s  and the 
o t h e r  t h r e e  r e s u l t  i n  a l inear  dependence .  
A l l  of  the theory which has  been proposed so  f a r  t o  c h a r a c t e r i z e  t h e  
charge build-up i n  t h e  i r r a d i a t e d  MOS s t ruc ture  has  been  based  on  a one- 
carrier model. It  has   been   a s sumed   t ha t   t he   ho le   mob i l i t y   i n   S i0  i s  rela- 
t i v e l y  small compared t o  t h a t  of  e lectrons and consequent ly  any possible  
mot ion  and  concent ra t ion  gradien ts  of f r e e  h o l e s  i n  t h e  o x i d e  h a s  b e e n  
neglec ted   dur ing   charge   bu i ld-up .   In   addi t ion ,   mos t  of the   models   descr ibe  
on ly  the  s t eady  s ta te  o r  equ i l ib r ium cha rge  as a f u n c t i o n  of b i a s  a p p l i e d  
d u r i n g  i r r a d i a t i o n .  While t h e  f e a t u r e s  of s eve ra l  o f  t hese  mode l s  a re  
appeal ing,  no s i n g l e  model seems t o  s a t i s f a c t o r i l y  d e s c r i b e  t h e  o b s e r v e d  
charge build-up as a func t ion  of  time o r  a c c o u n t  f o r  t h e  v a r i o u s  ways i n  
which saturated charge densi ty  depends on appl ied bias .  
2 
A l though  the  r e spec t ive  mob i l i t y - l i f e t ime  p roduc t s  of e l ec t rons  and  
holes  in  S i0  has  been  repoi r ted  by Goodman to  be approximately 2.1 x 
m /V and m2/V,  i t  i s  conce ivable   tha t   the   charge   bu i ld-up   rocess  
2 
2 
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(a )   spa t ia l ly   un i form  s ing le   l eve l   t raps  
(b) uniform charge build-up within region adjacent to interface 
(c)  spat ia l ly  uniform traps uniformly dis t r ibuted in  energy 
(d) no charge  build-up in  reg ion  immedia te ly  ad jacent  to  in te r face  
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Figure 12 .  Steady State Oxide  Charge Distributions  (Ref.   18) 
could  be  influenced  by  the  motion  and  distribution  of  free  holes  as  well 
as  that  of free  electrons  generated in the  oxide  by  the  incident  radiation. 
Therefore,a  complete  analysis  of  the  problem  should  include  these  effects. 
It is  also  highly  desirable,<to  be  able  to  incorporate  into  a  model  dif- 
ferent  electron  and  hole tllap distributions as  well  as  several  nonuniform 
carrier  generating  functions  approximating  the  energy  dissipated  by  non- 
penetrating  electrons in various  oxide  thicknesses. 
Any  two-carrier  models  incorporating  the  above  features  would,  of 
course,  be  sufficiently  complex  to  require  the  use  of  a  computer  to  solve 
the  resulting  equations.  The  equations  developed  to  characterize a two- 
carrier  model  and  the  problems  experienced in the  computer  solution  are 
described in the  Appendix. 
Effect  of  Beam  Energy  and  Oxide  Thickness 
Figures 13, 14, and 15 show AV as  a  function of fluence  with  energy 
0 0 
as  the  parameter  for  samples  having  oxygen-grown  oxides  of 2500 A, 5000 A, 
and 9200 4, respectively.  The  applied  bias  was  held  constant  during  the 
series  of  irradiations  made on each  sample. It is  seen  that  for  each 
oxide  thickness  the  charge  build-up  increases  with  energy  until  some 
energy  E  where  the  induced  charge  reaches  a  maximum.  Further  increase 
in  beam  energy  causes  the  charge  build-up  to  fall  off.  Figure 14 also 
includes  results  from  the  high  energy  irradiations  made  on  5000 A samples. 
Even  at  beam  energies of 200 keV  and 1 MeV  the  charge  buiid-up  continues to 
fall  off  from  the  peak  reached  at 10 keV. It is  also  noted  that 200 keV 
and 1 MeV  curves  are  essentially  parallel  to  the 7, 10, and  20  keV  curves 
or  merely  displaced  toward  a  higher  fluence. 
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max 
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It is  interesting  to  compare  the  energy  dependence  of  the  induced 
charge  in  the  three  samples  with  the  energy  dissipation  curves  for  mono- 
energetic  electrons.  These  curves,  shown  in  Fig. 16, were  plotted  for  Si0 2 
using  general  range-energy  relationships  which  have  been  summarized  by 
Schumacher  and  Mitra  (Ref. 23). Vertical  bars  have  been  drawn  at  distances 
corresponding  to  the  depth  of  the  Si-Si02  interface  from  the  top  surface  of 
the  aluminum  electrode  for  each  of  the  three  samples.  Since  the  range  of 
penetration  of  5-100  keV  electrons  is  a  function  of  the  density  of  the 
material  and  not  the  atomic  number,  the  aluminum  electrode  thickness,  in- 
creased  by  15%  to  allow  for  the  higher  density  of  aluminum,  has  been 
added  to  that  of  the  oxide. It is  apparent  from  Fig.  16  that  the  beam 
energies  which  yield  maximum  energy  dissipation  at  the  Si-Si0  interface 
correspond  to  E for  each of the  three  oxide  thicknesses  as  indicated in 
Figs .  13  through 15. Also,  for  a  given  sample  the  relative  effectiveness 
of  the  various  primary  electron  energies  in  inducing  oxide  charge  corresponds 
to  the  relative  energy  dissipation  per  unit  path  length  at  the  oxide-silicon 
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interface as indicated in Fig. 16. This supports  the  logical  assumption 
that  at  positive  biases  ionizations  occurring in the  region  adjacent  to 
oxide-silicon  interface  are  the  most  effective n introducing  trapped  posi- 
tive  charge  into  this  region  where  the  trapped  charge  produces  a  maximum 
voltage  displacement AV. It cannot be concluded  from  this  data  that 
ionizations  occurring  elsewhere in the  oxide  do  not  result in trapped 
positive  charge  somewhere in the  oxide. 
Figure 17 compares  the  maximum  rates  of  charge  build-up  observed in 
the  three  oxide  thicknesses.  Each  sample  was  irradiated  at  the  appropriate 
primary  beam  energy E and  at  a  bias  of t-2 volts. The  ordinate  has  been 
normalized  to  charge  per  unit  area  to  facilitate  a  comparison  between  the 
samples  of  differing  thickness. It is noted  that  the  build-up  rate  is 
largest  for  the 2500 A  sample  and  smallest  for  the 9200 A  sample,  corre- 
sponding  to  the  relative  energy  dissipated  at  the  oxide-silicon  interface 
in each  sample  at  the  appropriate  beam  energy  Emax  as  indicated in Fig. 16. 
An interesting  observation  from  Fig. 17 is  that  the  rate  of  charge  build-up 
at  a  particular  level of applied  bias  is  essentially  independent  of  the 
oxide  thickness  provided,  of  course,  that  the  energy  dissipation  or  carrier 
generating  function  at  the  oxide-silicon  interface  is  kept  constant.  This 
is  also  illustrated  by  the  same  charge  induced in 2500 A and 5000 A  oxide 
samples  irradiated  at 10 keV and  +2V  bias,  as hown  in  Figs. 13 and 17, 
respectively,  where  the  ordinates  have  been  plotted  to  the  same  charge 
density  scale.  According  to  the  dissipation  curves  of  Fig. 16, the same 
energy is dissipated  at  the  oxide-silicon  interface in both  samples.  This 
observation  lends  support  to  a  model in which the  trapped  charge  rapidly 
accumulates in a narrow  region  much  less  than  and  independent  of  the  total 
oxide  thickness. The electric  field  approaches  zero  everywhere in the 
oxide  except in the  narrow  space  charge  region  and  thus  becomes  a  function 
only  of  applied  bias which  is  independent  of  the  total  oxide  thickness. 
max 
0 0 
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The  series  of  high  energy  irradiations (200 keV and 1 MeV)  produced 
results  consistent  with  those  obtained  at  lower  energies. A total  of 
fourteen  samples,  most of  which  had 5000 A  oxides  grown  in  oxygen,  were 
irradiated  at  various  bias  levels.  The  charge  build-up  at 1 MeV was 
slightly  less  than  at 200 keV  for  a  given  level of  applied  bias  as hown 
in Fig. 14. At  both 200 keV  and 1 MeV  the  induced  charge was considerably 
smaller  than  at  the  lower  electron  energies  where  more  energy  can be ab- 
sorbed  by  the  oxide. No difference was found in the  dependence  of  charge 
build-up on applied  positive  bias in oxides  irradiated  at  high  and low 
energies.  Figure 18 shows  the  voltage  displacement  as  a  function of 
fluence  for 5000 A  oxygen  oxides  irradiated  at  200 keV under  various  bias 
conditions.  As  observed  at  lower  energies, steam-oxides exposed  at  both 
200 keV  and 1 MeV  under  positive  bias  showed  less  charge  accumulation  than 
oxygen  oxides  irradiated  under  the  same  conditions.  Samples were exposed 
at  flux  densities  of lo9 and l o l o  electrons  per  cm2  per sec,  but no significant 
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Figure 18. Charge  Build-up i n  5000 A Oxygen Oxides I r radiated a t  High  Energy 
rate  dependence  of  charge  build-up  was  detected.  Again,  the  induced  charge 
was  found  to  be  smaller in samples  which  had  previously  undergone  a 3OOOC 
anneal. 
Effect  of  Electrode  Material  and  Thickness 
Charge  build-up in an electron-irradiated MOS structure  is  dependent 
on the  number  of  primary  electrons  passing  through  the  metal  electrode  with 
sufficient  energy  to  penetrate  the  oxide.  Since  secondary  electrons  have 
insufficient  energy (< 20 eV)  to allow  oxide  penetration,  the  secondaries 
emitted  from  the  metal  electrode  should  have  little  or no effect  on  the  in- 
duced  charge.  However,  the  fraction  of  backscattered  electrons  will  be  re- 
flected in a  corresponding  decrease in induced  oxide  charge.  The 
backscattering  coefficient  for  aluminum  irradiated  at  energies  above 5 keV
ranges  from  a  maximum of 0.15 in the  bulk  down  to less than .05 in 500 A 
film (Ref.  13)  and is therefore  not  too  significant.  However,  for  higher 
2 metals  such  as  silver,  gold,  and  platinum,  the  backscattering  coefficient 
may  reach  as  high  as 0 .4 ,  which  is an appreciable  fraction  of  the  incident 
particles: 
0 
To study  the  effect  of  aluminum  electrode  thickness on the  induced 
0 
charge,  an MOS sample  having an oxygen-grown  oxide  of  about  2100  A  was 
prepared  with an  initial  electrode  thickness  of 500 A.  Following  irrad- 
iation  and  the  subsequent  removal of the  induced  charge, an additional 
thickness  of  aluminum was evaporated  over  the  original  electrode.  The 
sample  was  re-irradiated  and  the  process  repeated  until  a  total  electrode 
thickness  of 10,000 A  was  reached.  Figures 19 and 20  show the  results  of 
these  irradiations  at 5 and 10 keV, respectively.  If  one  compares  this 
data  with  the 5 and 10 keV  energy  dissipation  curves  of  Fig. 16, bearing 
in mind  that  approximately  15%  should be added  to  the  actual  electrode 
thickness  to  allow  for  the  increase in mass-thickness  of  aluminum  over 
Si02,  it  can  be  seen  that  charge  build-up  is  dependent on th   energy  dis- 
sipated in the  oxide  by  primaries  penetrating  the  aluminum  electrode. A s  
the  electrode  thickness  approaches  the  maximum  range  of  the  incident 
primaries, AV becomes  zero.  The  maximum  range in aluminum  of  the 5 keV 
electrons is about 4000 A,  while the 10 keV  particles  have  a  maximum 
range  of  the  order  of  12,000  A.  Upon  examination  of  the 10 keV  dissipa- 
tion  curve  of  Fig. 16, one  might  expect  a  2100  A  sample  irradiated  at  this 
energy to.show an increase  in  charge  build-up  as  the  electrode  thickness 
increased  from 500 to 2000 A ,  since this  would  produce  greater  energy 
dissipation in the  oxide.  However,  any  small  increase in energy  dissipa- 
tion in the  oxide  as  the  electrode  thickness  was  increased in this range 
has  probably  been  offset  by  a  corresponding  increase in the  backscattering 
coefficient,  thereby  causing  the  charge  build-up  to  be  about  the  same  for 
500 A ,  1000 A ,  and 2000 A  aluminum  electrode  thicknesses. 
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A  comparison  of  charge  accumulation in samples  with  500  A  aluminum, 
gold,  and  silver  electrodes  irradiated  at  5  keV  is  shown in Fig.  21. The 
oxides  were  prepared  simultaneously in an  oxygen  environment  and  have  a 
thickness  of  approximately  2700 A. Because  of  the  lower  mass-thickness  of 
the  aluminum  electrode  this  sample  has  a  significantly  higher  charge  build-up 
than in the  two  samples  with  the  heavier  electrode  materials.  Since  the 
gold  electrode  has  a  mass-thickness  of  about 95 mg/cm2  as  compared  to 52 
mg/crn2  for  the  silver  electrode,  one  would  not  expect  to see  nearly  the 
same  charge  induced  in  both  samples.  To  remove  any  possible  sample-to- 
sample  variation  from  the  experiment,  the 500 A  silver  electrode  was  etched 
off  and  replaced  with 500 A of  gold.  This  sample  was  re-irradiated  and 
the  charge  build-up  was  again  found  to  be  about  the  same  as  with  the 
previous  electrode.  Assuming  that  the  electrode  thicknesses  were  monitored 
correctly,  the  only  apparent  explanation  for  the  charge  build-up  being 
about  equal  with  the  two  type  electrodes  is  that  the  backscattering  fraction 
for  5  keV  electrons  is  greater  for 500 A of  gold  than  for  the  same  thick- 
ness  of  silver  and  thus  compensates  for  the  higher  mass  thickness  of  gold. 
The  backscattering  coefficient  at  low  electron  energies  has  been  reported 
by  Sternglass  to  be  somewhat  higher  for  bulk  gold  than  for  bulk  silver 
(Ref.  24). 
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Effect  of  Other  Oxide  Characteristics 
A  number  of  oxide-related  parameters  were  varied  during  the  course 
of  this  work  to  determine  which  factors  affected  the  radiation  sensitivity 
of  Si02. In addition  to  the  influence  of  the  factors  cited  previously 
such  as  method  of  oxide  preparation  and  thermal  annealing  of  completed 
samples,  the  effects of substrate  resistivity  and  oxide  contamination  were 
studied.  Also  several  samples  having  oxides  passivated  with  a  layer  of 
phosphosilicate  glass  were  prepared  and  irradiated.  The  dependence  or 
independence  of  charge  build-up  on  these  properties  will  be  discussed in 
the  following  paragraphs. 
Method  of  Thermal  Oxidation. - The  lower  radiation  sensitivity  for  a 
0 
2500 A steam  oxide  as  compared  with an oxide of the  same  thickness  pre- 
pared  in  oxygen  was  illustrated in Figs. 7 and 8 and  has  been  discussed 
briefly.  This  data  agrees  with  the  work  of  Zaininger  who  has  reported  a 
larger  charge  build-up in 1000 A  oxygen  oxides  than  in 1000 A steam 
oxides  when  irradiated  with 1 MeV  electrons  (Ref. 14). To  determine  if 
this  difference in radiation  sensitivity  existed in thicker  oxides, 11,000 A 
steam  oxides  were  prepared  and  irradiated.  The  charge  build-up in these 
samples  as  a  function  of  fluence  was  found  to  be  almost  identical  with 
that  seen in the 9200  A  oxygen  samples  irradiated  earlier.  Unlike  the 
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Figure 21.  Charge  Build-up vs.  Fluence as a Function of Electrode Material 
0 
2500 A  steam  oxides  the  thicker  steam  oxides  showed no tendency  to  saturate. 
Although  there was a  slight  reduction in the  charge  build-up  for  a  sample 
which  had  been  annealed  at 3OO0C, the  radiation  sensitivity  of  both  the 
annealed  and  unannealed  thick  steam  oxides  was  essentially  the  same  as  that 
seen in the  oxygen  oxides.  However,  when 5000'A steam  oxides were irradi- 
ated  at 200 keV, an appreciably  lower  charge  density  was  induced  than  in 
the  oxygen  samples  exposed  under  the  same  conditions. A reduction in charge 
0 
build-up  by  a  factor  of 2 or 3 at  a  fluence of 10" e/cm was observed;  but 2 
0 
unlike  the 2500 A  steam  oxides,  there was no  indication  of  saturation  in 
the  charge  build-up in the 5000 A steam  oxides. 
0 
It would  appear  from  the  available  data  that in he  thickness  range 
0 
below 5000 A  steam  oxides  are  definitely  less  sensitive  to  radiation  than 
oxygen  oxides. It is  not  readily  apparent  whether  this  reduced  sensitivity 
is  directly  a  function  of  thickness  and  therefore  limited  to  the  thinner 
oxides  or  whether  some  thickness-related  oxidation  parameter  is  involved. 
Post  Oxidation  Anneal. - The charge  induced in three  different 5000 
oxygen  oxide  samples  irradiated  at 5 keV  at  biases  of +2 and +8 volts  is 
compared in Fig. 22. As  in  the  case  of  the  steam  oxide of  Fig. 8 ,  a  greater 
charge  build-up  takes  place in the  two  unannealed  samples (1) and (2) than 
in sample ( 3 )  which  was  annealed  at 3OO0C prior  to  irradiation. It has 
been  consistently  observed  during  this  work  that  samples  annealed  at  about 
3OO0C for  several  minutes  show  a  lower  charge  build-up  during  irradiation 
than  do  the  unannealed  samples,  although  the  difference in radiation  sens- 
itivity  between  annealed  and  unannealed  samples  is  not  always  as  large  as 
that  depicted in Fig. 22. A reduction  of  hole  traps in the  oxide  during 
the  post  oxidation  anneal  seems  likely.  One  should  be  able  to  achieve  the 
same  result by  reducing  the  oxide  temperature  following  oxidation  at  a 
carefully  controlled  rate.  If  the  radiation  sensitivity  of Si02 is  a 
function  of  the  post  oxidation  cooling rate, this  may  explain  the  dif- 
ferent  sensitivities  observed  among  some  of  the  steam  oxides. 
Substrate  Resistivity. - Figure 22 also  compares  the  charge  build-up 
in samples  fabricated on different  resistivity  substrates.  Sample (1) 
was  prepared on a  100Q-cm  p-type  substrate  and  sample (2) on a  10R-cm 
substrate  of  the  same  type.  When  irradiated  at  the  lower  bias,the  dif- 
ference  between  the AV versus  fluence  curves  is  small.  At  the  higher 
bias  the  difference  is  somewhat  larger;  however,  it  is  believed  that  the 
disparity in charge  build-up  between  these  two  samples  did  not  result 
from  the  difference in substrate  resistivity  but  arose  from  differences 
in the  radiation  sensitivities  of  the  two  unannealed  samples  having 
oxides  grown  separately. No consistent  difference in the  radiation  sensi- 
tivity  of  samples has  been  observed  during  this  work  that  could  be  traced 
to  substrate resistivity. 
Several  samples  with  thin  oxides on 1OOQ-cm n- and  p-type  substrates 
were  prepared  and  irradiated  to  determine  if  the  substrate  type  affected 
41 
120 
10 0 
80 
+8V 
0 
5000 A Si02 (oxygen) 
500 A A 1  Electrodes 
5 keV 
0 
100 R-crn p-type S i  
unannealed 
10 R-cm p-type Si 
unannealed 
100 a-cm p-type S i  
annealed 300°C 
I 
1o1O l o l l  10l2 
Fluence (e/cm ) 2 
Figure 22. Comparison of Charge Build-up in Annealed and Unannealed  Oxides 
I 
the  induced  charge;  however,  the  oxides  were  leaky  and  the  results  of 
the  experiment  inconclusive. 
Oxide . . Contamination  and  Surface  Passivation. - Because  of  the  possi- 
bility  that  sodium  may  act  as  a  network  modifier n SO2, the  presence 
of  this  impurity  could  conceivably  have  some  effect on he  density  of 
hole  traps in the  oxide  and  a  corresponding  influence on its  radiation 
sensitivity.  To  find  whether  sodium  had  any  effect  on  the  charge  build-up 
of an irradiated  oxide,  several  samples  were  contaminated  prior  to  metal- 
ization  with  a  NaOH  or  NaCl  solution.  Following  electrode  deposition  the 
samples were irradiated  and  the  induced  charge  characterized  as  a  function 
of  fluence.  The space  charge was then  annealed  and  the  sample  subjected  to 
a  temperature-bias  treatment  such  that  the  mobile  sodium  impurity  ions 
were  drifted  into  the  oxide  toward  the  oxide-silicon  interface.  The  ion 
density  at  the  interface  was  determined  from  the  C-V  displacement.  The  sample 
was  then  re-irradiated  and  the  charge  build-up  compared  with  that  taking 
place  before  drift  and  that in non-contaminated  control  samples  having  a 
low  initial  density  of  mobile  impurity  ions. No significant  difference 
was  observed in the  charge  build-up in samples  with  sodium  ion  concentrations 
present  at  the  oxide-silicon  interface  ranging  from  2 x 10 cm-2 to 
2 x 10 cm . This  experiment,  which  is  consistent  with  all  other  data, 
indicates  that  sodium  does  not  have an effect  on  the  radiation  sensitivity 
of  Si02 when present in levels  of  2 x 10l1  cm-’  or  higher. 
12  -
Since  phosphorus-treated  oxides  have  been  reported  to  show  improved 
stability  and  a  lower  density  of  mobile  ions,  the  effect o  this  treatment 
on the  radiation  sensitivity  of  Si0  was  investigated. Two samples,  one 
with a 2500  A  oxygen  oxide  and  the  other  having  a  5000  A  oxide of the  same 
type,  were  subjected  to  a P 0 diffusion  immediately  following  oxidation. 
An aluminum  electrode  was  then  evaporated  onto  each  sample. The thinner 
sample when irradiated  at  5  and 10 keV  showed  the  same  charge  build-up  as 
that  observed in non-treated  control  samples.  However  the  5000  A  oxide 
when irradiated  at 200  keV  was  noticeably  less  sensitive o radiation  than 
the 5000 A control  samples.  Following an  anneal of  the  induced charge, the 
sample was irradiated  at 10 keV; again,  a  significantly  smaller  positive 
charge  build-up  was  observed in this  sample  than in the  non-treated  oxides 
or  in  the  2500 A phosphorus-treated  oxide.  The  only  outstanding  difference 
between  the  two  treated  samples  was  that  the  2500  A  sample  had  a  mobile  ion 
density  of  2 x 10 l1  cm-’  whereas  the 5000 1 sample  only  had 9 x 10 
mobile  ions  per  cm . Therefore,  the  possibility  remains  that  a  reduction 
in the  sodium  concentration  below  2 X lo1’  cm-’ might  decrease  the  radiation 
sensitivity  of Si0  However,  since  no  other  phosphorus-treated  samples 
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nor  any  other  non-treated  samples  having  ionic  concentrations  less  than 
2 x 10 cm  were  prepared  and  irradiated, no definite  conclusions  can  be 
drawn  from  the  above  experiment. In view  of  the  lower  radiation  sensi- 
tivity  exhibited  by  many  steam  oxides  which  were  usually  "dirtier"  than 
' the  oxygen  oxides,  it  appears  that  some  structural  characteristic of the 
oxide  has a  more  pronounced  effect  on  its  radiation  sensitivity  than  the 
presence  of  sodium  or  other  ionic  impurities. 
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SECTION IV 
RELEASE OF TRAPPED CHARGE 
Introduction 
Several  techniques  have  been  found  effective in r moving  or  re- 
ducing  the  radiation-induced  trapped  charge in Si02. In addition to 
the  most  obvious  method  of  annealing  at  elevated  temperatures, it has 
been  noted  that  electron  irradiation  at  small  negative  sample  biases 
was very  useful in removing  or  reducing  radiation  induced  charge 
trapped  near  the  oxide-silicon  interface.  Optical  annealing  of  the 
trapped  charge  has also been  accomplished,  although  this  is  perhaps  the 
least  effective  means  of  charge  removal. 
Irradiated  samples  have  been  found  to  be  very  stable  at  room  tem- 
perature  with  only a small  fraction  of  the  induced  charge  decaying  within 
a  period  of days or  weeks.  From  the  observed  behavior  of  this  trapped 
charge,  one  would  expect  the  traps  to  be  deep  within  the  Si02  forbidden 
band,  which  has  been  reported  by  Williams  to be about 8 eV  (Ref. 25). 
If  for  example  half  of  the  trapped  charge wer   released  within  a  period 
of 2 weeks  at  room  temperature,  the  trapped  holes  would  have  to  be  within 
at  least 1 eV of the  valence  band  assuming  a  single  trap  level.  Since 
a decay  rate  this  large  has  not  been  observed  at  room  temperature,  most 
of  the  trapped  positive  charge  is  assumed  to  lie in levels  deeper  than 1 eV. 
In this  section  the  technique of  charge  removal  by  electron  irradi- 
ation  will  be  discussed. Also, the  results  of  thermal  and  optical  annealing 
experiments  designed  to  obtain  information  on  the  nature  of  the  trapped 
charge  will  be  covered.  Finally,  charge  release in evaporated  Si0  will  be 
compared  to  that in thermally  grown Si0 2 '  
Radiation  Annealing 
It has  been  possible  to  remove  completely  all  observable  radiation- 
induced  space  charge in  some  samples  by  the  technique  of  radiation 
annealing. In other  samples  radiation  annealing is less  effective  and 
some  residual  space  charge  is  left in the  oxide. It has  not  been  possible 
to  correlate  residual  space  charge  with  oxide  properties  or  previous 
oxide  history;  however,  it  has  been  found  that  the  residual  charge in any 
particular  sample can be  reduced  to  a  minumum  by  irradiating  at an optimum 
sample  bias  and  electron  beam  energy.  The  most  effective  sample  bias  is 
generally in the  range  from -1 to -3 volts,  which  was  seen  in  Figs. 9 and 
10 to  produce  minimum  space  charge  formation.  The  resulting  electric 
field in the  oxide  causes  the  generated  electrons  to  drift  toward  the 
oxide-silicon  interface  where  they  recombine  or  become  trapped.  Since  the 
C-V curves  could  not be shifted  to  positive  voltages  but  only  back  to 
their original  pre-irradiation  positions, it was  concluded  that  the 
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electrons  served  to  reduce  the  positive  space  charge  through  recombination 
and  did  not  form  a  compensating  negative  space  charge.  Larger  negative 
biases  were  less  effective  probably  because  of  the  rapid  build-up  of  hole 
trapping  adjacent  to  the  metal-silicon  interface. 
Figures  23  and 24 show  the  percent  charge  removed  as  a  function  of 
0 0 
fluence  in  5000  A  and  9200  A  samples,  respectively,  with  energy  being  the 
parameter. It has  been  observed  that  the  positive  oxide  charge is usually 
reduced  most  effectively when the  beam  energy  is  selected  to  maximize  the 
total  energy  dissipated in the  oxide  while  minimizing  that  dissipated  at 
the  oxide-silicon  interface.  An  effective  beam  energy  can be chosen in 
this  way  from  Fig.  16. A large  energy  dissipation in the  oxide  is  needed 
to  insure  that  an  abundance  of  excess  electrons  is  available  to  neutralize 
the  positive  charge. 
It is  interesting  to  note  from  Fig.  23  that  at 5 keV, only  about 
1.2 X lo1’ irradiation  electrons  per  cm2  are  required  to  neutralize 
3.2 X 10 charged  states  per  cm2 in the  oxide.  The  additional 2 x 10 
electrons‘  per cm2  needed  for  compensation  are  generated  within  the  oxide 
by  the  incident  radiation. To preserve  charge  neutrality in the  oxide  an 
additional 2 x lo1’ holes  per  cm2  must  be  accounted  for.  These  surplus 
holes  are  either  removed  from  the  oxide  or  they  become  trapped  near  the 
metal-oxide  interface  where  they  are  least  effective in producing  a  C-V 
displacement  AV.  Assuming  that  these  holes  are  trapped  uniformly  within 
a  distance d of  the  interface,  then  using  the  maximum  resolution  of  the 
measuring  system  of  about 0.5 volt,  an  estimate  can  be  obtained  for d. 
The  calculation  indicates  that  the  positive  charge  is  trapped  within 
approximately 100 A of  the  metal  interface. The  value  reported by 
Zaininger  (Ref. 14) and  Grove  and  Snow  (Ref.  15)  for  the space  charge  width 
next  to  the  oxide-silicon  interface  following  irradiation  at  positive 
biases was also 100 A .  
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Optical  Annealing 
In  an effort  to  learn  something  of  the  nature  of  the  trapping  levels 
in  Si02,  optical  annealing  studies  were  conducted  on  irradiated MOS 
structures.  Samples  which  had  been  prepared  with 300 A  aluminum  and  silver 
electrodes were irradiated  under  positive  bias  and  then  exposed  to  light 
from  several  sources. No reduction  of  the  space  charge  was  detected 
while  using  either  tungsten  or  silicon  carbide  sources,  which  cover  the 
spectrum  from  approximately 0 . 3  to  16  microns  or  photon  energies  from 
0.8 up  to  nearly 4 eV. Upon  further  reduction in wavelength  using  light 
from an ultraviolet  source  passed  through  a  monochrometer,  space  charge 
anneal  was  first  observed  at  energies  slightly  below 5 eV. However, 
since the  threshold  for  photoemission  of  electrons  from  silicon  into 
0 
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silicon  dioxide  has  been  reported  by  Williams  to  be 4.25  eV  (Ref.  25),  it 
is  likely  that  electrons  injected  from  the  silicon  are  recombining  with 
the  trapped  positive  charge  and  unlikely  that  the  trapped  charge is being 
activated.  Failure  to  observe  annealing at 4.25  eV in this  experiment can 
be attributed  to  the  low  intensity  of  monochromatic  light  coupled  with  a 
low  photon  capture  cross  section  near  this  threshold. It was also.  noted 
that  for  a  given  exposure  more  charge  was  annealed at zero  sample  bias 
than  at  large  positive  or  negative  biases.  This  lends  support  to  the  theory 
of  electron  injection  and  subsequent  recombination,  since  a  field in one 
direction  should  reduce  electron  injection  across  the  barrier  while  a 
strong  field in the  other  direction  would  increase  the  electrons  drift 
velocity  through  the  oxide  thereby  reducing  the  time  available  for  recombi- 
nation  in  the  space  charge  region.  An  applied  field  should  not  significantly 
affect an activation  process,  although  it  could  have an influence  on  re- 
trapping  of  activated  carriers. 
Failure  to  activate  the  trapped  charge  at  energies  below  the  photo- 
emission  threshold  for  electrons  indicates  that  the  trapping  levels  are 
either  deeper  than  4.25  eV  or  have  such  a  small  photon  capture  cross 
section  that  a  much  higher  incident  light  intensity  is  required  to  effect 
a  noticeable  charge  reduction. 
Thermal  Annealing 
All of  the  positive  charge  induced in Si0 by low  energy  electron 2 
irradiation  can  usually be completely  removed  by  annealing  at  300°C  for 
about 10 minutes in an  inert  environment.  Following  an  initial  300°C 
anneal,  samples  could be irradiated  and  annealed  repeatedly  without 
showing  any  appreciable  change in the  charge  build-up  characteristics. 
The  charge  induced in samples  irradiated  at  200 keV and 1 MeV  was 
considerably  more  difficult  to  remove.  From  30  to 60 minutes  at  300°C 
was  required  to  completely  anneal  these  units.  The  introduction  of 
deeper  trapping  levels  associated  with  localized  defects  produced  in  the 
oxide  by  the  high  energy  electrons  affords  a  possible  explanation  for 
this  increased  difficulty  in  annealing. 
Isochronal  annealing  of  samples  irradiated  at  both  high  and  low 
energies  was  performed  to  obtain n activation  energy  for  the  trapped 
charge. Here, an  irradiated  sample  was  subjected to temperatures  from 
50°C to 3OO0C  in 25°C  steps.  After 10 minutes  at  each  temperature  the 
sample  was  rapidly  cooled  to  room  temperature  where  a  C-V  measurement 
was  made. No dc  bias was applied  to  the  sample  while  at  elevated  tem- 
perature  to  prevent  any  C-V  shift  resulting from the  drift  of  ionic 
impurities in the  oxide. 
The  results of  two  isochronal  anneals  made on the  same  sample  are 
shown  in  Fig.  25.  The  logarithm  of  the  percent  charge  annealed in 
the  oxide  as  determined  from  the  C-V  measurements  is  plotted  against  1/T. 
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This particular  sample  had  a  2,500 A oxygen  oxide  and  was  irradiated  both 
times  at 10 keV  with +2V  applied  bias. The disparity  between  curves is 
typical of the  data  spread  observed for  both  steam  and  oxygen  samples 
irradiated  at  high  and low energies. The non-linearity  of  the  curves  in- 
dicates  either  that  the  trapping  levels  are  distributed in nergy  or  that 
this is not an activated  process. The slopes  of  straight  lines  fitted  to 
linear  portions  of  the  curves  yielded  activation  energies  ranging  from 
0.28  to 0.46 eV.  Since  the  room  temperature  stability  of  the  trapped 
positive  charge  requires  much  deeper  trapping  levels,  this  annealing  data 
infers  that  a  process  more  complex  than  simple  activation of the  trapped 
charge  is  involved. 
Charge  release  was  also  observed  as  a  function  of  time in sev ral 
samples  annealed  at  constant  temperatures.  At  room  temperature  the 
annealed  charge was found  almost  invariably  to be a  linear  function  of  the 
logarithm of the  elapsed  time  out  to  lo5  seconds  or  more.  At  elevated 
temperatures  this  linearity  was  less  pronounced  but  was  frequently  ob- 
served  over 9 shorter  time  interval.  Figure  26  shows  annealing  curves 
for  a  2,500  A  steam  oxide  annealed  at  three  different  temperatures. Th  
initial  p-ortions  of  the  100°C  and  2OO0C  curves  are  distorted  as  a  result 
of  both  the  finite  time  required  to  reach  the  annealing  temperature  and 
the  temperature  dependence  of  charged  states  at  the  Si-Si02  interface. 
Linearity  of  released  or  annealed  charge  with In  can  be  explained  by 
several  models.  One  such  model  is  based  on  the  Schottky-Richardson  effect, 
whereby  electrons  are  thermally  emitted  from  the  silicon  across  the  Si-Si0 2 
barrier  into  the  oxide  where  they  recombine  with  the  trapped  charge.  The 
barrier  is  attenuated  by  the  electric  field  produced  at  the  interface  by 
the  trapped  positive  charge.  The  band  diagram  for  the  Si-Si02  system  before 
and  after  introduction of the  positive  space  charge  into  the  oxide  is 
sketched in Fig.  27. The  barrier, 9 ,  is  reduced  by A $ ,  which  from  the 
Schottky  effect is 
s w  - 1 e 
kT 2kT n~ 
1 3  
where  E  is  the  electric  field  at the  interface.  The  electron  current 
density  flowing  across  the  barrier  into  the  oxide  is  given  by  the 
Schottky-Richardson  equation: 
= -- = C ~ T  exp[$ + , dQn 2 Jn dt 
which  can  be  reduced  to 
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If  the  initial  positive  charge,  Q is trapped in the  oxide  near  the 
silicon  interface  such  that  the  space  charge  region  is  much  narrower 
than  the  total  oxide  thickness,  then  the  field  can  be  written 
P' 
. I  
Q - Q n  
E =  
E E 0 - Qn/E 
and 
Inserting this value of into Eq. (14 ) ,  and solving for Q using 
the  boundary  condition  that  Qn = 0 at t = 0, one  obtains n 
Qn = c In [ C  C t + 13 1 3 4  (17) 4 
where 
BEo1/2 
C 3  = C2(T) e 
and 
B 
c4 2€Eo 112 ' 
For t >> 1 / C 3 C 4 ,  Eq. (17) can  be  written 
- In c3c4 + - In t . 1 Qn c4 c4 " 
If all of  the  injected  charge Q, recombines  with  the  trapped  positive 
charge,  then Eq. (20) expresses  the  annealed  or  "released"  charge  as  a 
function  of  time.  According  to Eq. (20 ) ,  Q is  linear  function  of  In t 
with  a  slope of 1 / C 4 .  From Eqs. (12 ) ,  (15) and  (19),  the  annealing  slope 
becomes 
n 
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A s  Q increased  toward EE Eq. (16) is no longer  valid;  the n 0, 
annealing  curve  departs  from  its  linear  dependence  and Q asymptotically 
approaches Q . n 
P 
The  2,500 A sample whose annealing  curves  are  shown i Fig. 26 was 
irradiated to a Q of about 6.9 x coul/cm prior to each anneal. The 
slopes  calculated  from  Eq. (21) range  from 1.0 x coul/cm2  at  25OC  to 
1.6 x coul/cm2 at 200OC. The slopes measured over linear portions of 
the  curves in Fig.  26  extend  from  approximately  1.5 X 10-8 at  25OC  to 
1.5 x at 200°C. The observed dependence of annealing slope on absolute 
temperature  is  much  greater  than  that  predicted  by  Eq.  (21)  and  thus  is 
not  consistent  with  a  simple  Schottky-Richardson  effect. Also, using  this 
model + and A @  'were  calculated  to  be  about 1.4 and 0.3 eV, respectively. 
This  value  for @ is  in sharp  contrast  to  the  previously  reported  Si-Si0 
barrier  of  4.25  eV. 2 
2 
P 
A linear  dependence of released  charge on In t can  also  be  explained 
by  assuming  thermal  activation  of  trapped  carriers  from  traps  uniformly 
distributed in energy.  Such  a  dependence  has  been  shown  to  exist in the 
case  of  electrons  thermally  released  from  traps  uniformly  distributed  in 
the  forbidden  band  of a  dielectric  (Ref. 12). However,  in  this  process 
the  annealing  slope  should  again be a  linear  function  of  absolute 
temperature. 
In  summary,  it  appears  from  the  available  data  that  thermal  annealing 
of  the  positive  space  charge  in Si0 is a  complex  process or combination  of 2 
processes  which  may  or  may  not  include  those  discussed  above.  Electron 
tunneling  from  silicon  into  states  in  the  oxide  is  also  a  possibility. 
Further  efforts  are  needed  to  develop  a  satisfactory  model  for  charge 
annealing. 
External  Charge  Transfer 
No significant  external  charge  transfer was observed  from  irradiated 
Si0  structures  either  at  room  temperature  or  during  high  temperature 
anneals.  Indeed,  none  would be expected  from an irradiated  structure in 
which  the  space  charge is trapped  adjacent  to  an  interface. This  result 
is  in  contrast  to  measurements  made  following  electron  irradiation  of 
evaporated  Si0  samples,  in  which  appreciable  external  charge  transfer 
was  observed  (Ref. 11). This  charge  transfer  has  been  attributed  to  the 
thermal  release  of  spatially  trapped  electrons  introduced  during  irradiation. 
The  same  results  were  obtained  during  this  work  upon  irradiation  of 3 . 5 ~  Si0
samples  with  non-penetrating  electrons. As pointed  out  earlier,  attempts 
to make C-V  measurements on the  evaporated  oxide  structures were  not 
successful,  therefore  this  technique  could not be used  to  verify  the  radi- 
ation-induced  negative  charge  build-up  inferred  from  the  charge  release 
measurements. 
2 
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SECTION  V 
RADIATION  EFFECTS ON MOS DEVICES 
The  results of  the  preceeding work on  charge  build-up  and  release in 
silicon  dioxide  are  directly  applicable  to  the  performance  of MOS field- 
effect  transistors  (MOSFETs) in a  radiation  environment.  The  channel  or 
drain  current  for  the  linear  MOSFET  structure,  shown in Fig. 28, is  given 
by  (Ref. 2 6 )  
where  is  the  average  surface  mobility of electrons in the  channel  and 
V is the  gate  voltage  required  to  induce an inversion  layer in the  channel 
between  source  and  drain.  This  threshold  voltage is defined by 
n 
t 
Qt 
co , 
v = "  
t 
P 
\ 
~ ~~ d 
Figure 28. Linear  MOSFET  Structure 
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where Q is  the  total  surface  charge  density  reflected  at  the  interface 
as a result  of  bulk  oxide  charge  and  charged  interface  states.  Equation 
(22) only  holds  for  the  gradual  channel  approximation  where v is  not  large 
enough  to  pinch  off  the  channel  at  the  drain.  From Eqs. (22) and (23)  it 
is apparent  that  the  drain  current is directly  affected  by  any  change in
oxide  charge. The  drain  current  deviation  resulting  from  a  charge  vari- 
ation AQ is  given  by 
t 
D 
t 
- 
'nEoxVD 
L2 d 
- 
AID = - 
Thus the  radiation-induced  positive  charge in  Si0  will  produce  a  parallel 
shift in the  conductance  characteristics  of  the  MOSFET  toward  more  negative 
gate  voltages  as  indicated in Fig. 29 for  both  n-channel  and  p-channel 
devices.  The  data  in  Sec. I1 can  be used  to  approximate  the  voltage  shift 
produced in  a MOSFET  at a particular  electron  fluence  and  gate  bias  pro- 
vided  the  gate  oxide  thickness  is  known. In addition  to  the  parallel  shift 
of conductance  characteristics,  the  slope  of  these  curves  can  deteriorate 
with  increasing  exposure  much in the same  manner  as  does  the  slope  of  the 
C-V characteristic.  This  slope  or  transconductance g is  seen  from 
Eq. (22) to  be 
2 
m 
The  channel  mobility  is  less  than  that  of  the  bulk  due  to  surface  scat- 
tering  of  carriers  and is affected  by  the  charge  present  at  the  interface. 
If  there  are  any  fast  interface  states,  will  also  become a function of 
the  surface  potential. 
- 
'n 
A s  in  the  case  of  the  simple  MOS  structure,  it  should  be  possible to 
minimize  charge  build-up  and  the  resulting  shift  in  conductance  character- 
istics  by  the  application  of a  small  negative  bias  to  the  gate  electrode 
during  exposure.  Radiation  damage  to a MOSFET  will  for  all  practical 
purposes  be  permanent  at  room  temperature,  but  recovery  should  be  possible 
in  most  devices  by  annealing  at 300°C provided,  of  course,  the  device  can 
withstand  such  an  environment.  Again,  devices  employing  steam-grown  oxides 
should  be  more  tolerant  to  radiation  than  those  with  oxides  grown in 
oxygen. 
The  effects  produced  by  low  energy  charged-particle  radiation  on  an 
off-the-shelf  MOSFET  device will be  moderated  by  attenuation in the 
surrounding  encapsulation. If the  mass-thickness  of  the  intervening  material 
is  known, the  incident  radiation  damage  threshold  can  be  calculated  for a
given  unit. 
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At  higher  particle  energies,  it  becomes  more  difficult  to  predict  how 
a  particular  device will be  affected  because of  the  various  channel  char- 
acteristics  which  come  into  play. For example, in the  case  of  p-channel 
MOSFETs  irradiated  with 1.5 MeV  electrons,  the  gate  threshold  voltage h s 
been reported  to  increase  rapidly with  fluence  toward  a  more  negative 
voltage  and  then  decrease  and  saturate  at  some  less  negative  voltage  level 
(Ref. 27).  Since  the  threshold  voltage  was  determined  by  measuring  the 
gate  voltage  needed  to  produce  a  particular  channel  current  rather  than  by 
directly  measuring  the  voltage  required  to  produce  inversion  of  the  surface 
layer,  both  oxide  charge  and  channel  mobility  variations  become  suspect. 
Certainly  effects on become  even  more  pronounced  at  energies  suf  f  i- 
ciently  penetrating  to  produce  damage in the  channel  itself. 
n 
Net  positive  voltage  shifts in transfer  characteristics  have  been  re- 
ported  for  n-channel  devices  irradiated with 125  keV  and 1 MeV  electrons, 
C060  gammas , and 16.8 MeV  protons  (Ref. 28). Also, the  transfer  char- 
acteristics were found  to  be  unstable  following  the  electron  and  gamma 
irradiations.  The  positive  shift  has  been  attributed to negative  charge 
trapped in the  oxide  and  the  instability  to  the  presence of surface 
trapping  sites  which  can  exchange  charge  with  the  silicon.  Unfortunately 
C-V  measurements were not  made  to  verify  the  negative  space  charge in the 
oxide.  However,  the  gate  oxides  of  the  devices  tested  consisted of 
thermally  grown Si0 plus  chemically deposited,phosphorus-doped oxide. 
The  deposited  oxide,  like  evaporated  SiO,  might  be  responsible  for  a  neg- 
ative  oxide  charge. 
2 
In summary,  radiation  effects  on  channel  mobility  in  MOS  devices  must 
be considered,  particularly  at  high  energies;  however,  it  would  appear  that 
the  predominant  radiation  effect in these  devices  is  the  oxide  space 
charge  build-up,  which  at  least  for  thermally  grown  oxides  displays  certain 
consistent  features  as  summarized in the  following  section. 
59 
SECTION  VI 
CONCLUSIONS AND RECOMMENDATIONS 
A number of  characteristics of radiation-induced  space  charge 
build-up  and  release  have  become  apparent  during  this  work  and  are  con- 
sistent  with  results  reported  by  other  investigators.  These  character- 
istics  are  summarized  below: 
(1) A semi-permanent,positive  charge  density  is  induced in  silicon 
dioxide  upon  exposure  to  the  various  types  of  ionizing  radiation. 
(2) The charge  build-up in an MOS structure  is  strongly  dependent 
on the  bias  applied  during  irradiation.  The  silicon  image  charge 
is  much  larger  when  the  electrode  polarity  during  exposure  is 
positive.  Some  charge  accumulates  at  zero  bias,  but  the  smallest 
image  charge is induced  at  small  negative  biases. 
(3 )  Both  the  saturated  and  unsaturated  induced  charge  densities  have 
been observed  to  exhibit  a  linear  to  parabolic  dependence  on 
applied  bias. 
( 4 )  Space  charge  build-up  is  a  function  of  the  energy  absorbed  by 
the  oxide,  particularly  that  absorbed  near  the  oxide-silicon 
interface. 
(5)  The  induced  charge  shows  little,  if  any,  dependence  on  the  flux 
density . 
( 6 )  The  radiation  sensitivity of a  particular  oxide is strongly  in- 
fluenced  by  the  method  of  oxidation  and  by  the  previous  thermal 
history  of  the  oxide.  Steam-grown  oxides  are  generally  less 
sensitive  to  radiation  than  are  oxides  prepared in oxygen. 
Samples  annealed  at  or  near  3OOOC show less  charge  build-up 
upon  irradiation  than  do  unannealed  samples. 
(7 )  Irradiation,  annealing,  and  etching  experiments  together  with  most 
of the  models  proposed  for  space  charge  formation  indicate  that 
during  irradiation  at  positive  bias  most  of  the  oxide  charge is 
trapped  at  or  near  the  oxide-silicon  interface. 
(8) The positive  space  charge  can  be  annealed  optically,  thermally, 
and  by  irradiation  at  small  negative  bias  levels.  The  annealing 
process  appears  to  result in each  case  from  recombination  of 
trapped  positive  charge with electrons  injected  into  the  oxide. 
Although  a  completely  satisfactory  quantitative  model  for  space  charge 
formation in the  irradiated MOS structure  has yet to be developed,  a  basic 
understanding  of  radiation  effects in thermally-grown  Si0  is  beginning  to 2 
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emerge.  Recently,  deposited  oxides,  oxides  passivated  with  phosphorus, 
and  silicon  nitride  have  been  studied  for  possible  device  applications. 
Although  stability  problems  remain  to be overcome in  silicon  nitride, 
it has  been  found  to be more  radiation  resistant  than  Si0  Radiation 
studies  on  deposited  oxide  layers  have  pointed  toward  a  possible  neg- 
ative  space  charge  build-up in some of  these  films.  Whether  phosphorus 
passivation  has  any  effect on the  radiation  sensitivity  of  Si0  is  still 
questionable. 
2' 
2 
Since  a  suitable  substitute  for  Si02 in silicon  devices  and  integrated 
circuits  has  not  been  found  and  seems  unlikely n the  immediate  future,  it 
is  recommended  that  investigations  of  the  effects  of  various  types  of 
ionizing  radiation  on  Si0  continue.  Of  particular  interest  are  oxides 
having  contamination  levels in the  range  from  lolo to 10l1  cm-2,  oxides 
passified  with  phosphorus,  and  combinations  of  thermally-grown  and  deposited 
oxide  layers  with  and  without  phosphorus  passivation. A particular  combina- 
tion  of  oxide  layers  might  minimize  the  net  space  charge  through  compensating 
positive  and  negative  charge  regions.  Multiple  oxide  layers  might  also 
caus.e  the  charge to be  trapped  near an interior  interface  and  away  from  the 
oxide-silicon  interface,  such  that  it  will  have  a  smaller  influence  on  the 
underlying  silicon  surface. 
2 
The  predominant  radiation  effect  on  MOSFET  devices  appears  to  result 
from the  oxide  charge  build-up,  although  changes in channel  characteristics 
can  be  significant  under  certain  conditions.  Testing  of  selected  devices 
in various  radiation  environments  is  recommended  to  isolate  and  identify 
the  effects  on  device  characteristics  resulting  from  changes  in  both  oxide 
and  channel  parameters. 
Efforts  to solve the  two-carrier  model  should  continue in order to 
obtain  a  complete  understanding  of  space  charge  formation  in  the MOS 
structure. A knowledge  of  how  the  individual  oxide  properties  affect  the 
magnitude,  distribution,  and  polarity of this space  charge  should  expedite 
the  development  of more  radiation  resistant  oxides  and  other  dielectric 
materials. 
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APPENDIX 
FORMULATION OF TWO CARRIER MODEL FOR  SPACE CHARGE BUILD-UP 
Der iva t ion  of Trapping and Transport  Equations 
The b a s i c  p r o c e s s e s  of carrier generat ioq t rapping,  and recombinat ion 
th rough  e l ec t ron  and  ho le  t r aps  loca t ed  a t  ene rgy  levels Etn below the con- 
duction  band  and E above   t he   va l ence   band ,   r e spec t ive ly ,   a r e  shown i n  
F ig .  A-1 for   the  convent ional   energy  band  configurat ion.   Using  the  symbols  
d e f i n e d  i n  t h e  t a b l e ,  t h e  e m i s s i o n  a n d  c a p t u r e  rates can  be  wr i t ten  as 
fol lows : 
t P  
rl = c  n (Ntn - n t )  n t  
r2 = snnt exp(- Etn/kt) 
I f  g and g a r e   t h e   g e n e r a t i o n  rates o f   e x c e s s   c a r r i e r q t h e n   t h e  n P 
c o n t i n u i t y  e q u a t i o n s  f o r  f r e e  e l e c t r o n s  a n d  h o l e s  are 
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r7 
T r 4 -  
F igu re  A-1. Generation,  Trapping,  and  Recombination  Processes f o r  
Electron and Hole Traps 
The net  rates of change of t rapped  carriers are 
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Table of Symbols 
C,, C, - release  rate  constants 
I 
C nt 
C nr 
Pt 
Pr 
C 
C 
Jn 
J 
P 
n 
n t 
NC 
NV 
Ntn 
N 
tP 
P 
pt 
r 
S n 
S 
P 
'n 
pP 
L 
- electron  capture  coefficient  for  electron  trap 
- electron  capture  or  recombination  coefficient  for  hole  trap 
- hole  capture  coefficient  for  hole  trap 
- hole  capture  or  recombination  coefficient  for  electron  trap 
- electron  current  density 
- hole  current  density 
- free  electron  density 
- trapped  electron  density 
- effective  density  of  states in conc iuc t ion band 
- effective  density  of  states  in  valence  band 
- electron  trap  density 
- hole  trap  density 
- free  hole  density 
- trapped  hole  density 
- emission  or  capture  rate  (cm-3sec-1> 
- electron  attempt  to  escape  frequency  (sec-l) 
- hole  attempt  to  escape  frequency  (sec -1 ) 
- electron  mobility  (cm  /volt  sec) 
- hole  mobility  (cm  /volt  sec) 
2 
2 
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In the case of  electron  irradiation,  the  generation  rates  can be 
written 
where g is  the  generation  rate of incident  electrons  and y is  the  average 
number of  electron-hole  pairs  created  by  each  incident  electron. In 
general, y is  a  function  of  both x and  g. 
Release  of  trapped  carriers  can  be  neglected  during  charge  build-up 
since the  times  under  consideration  are  relatively  short  compared  with 
observed  release  times.  Rate  equations  (A-2)  through  (A-5) are  then 
reduced  to 
" an 1 aJn at - - Cntn(Ntn - nt> - 'nrnP t + gn + - -  9 ax 
an 
at - cntn(Ntn - nt) - cprpnt 
t 
"
aP+ 
" 
at - CptP(Ntp - Pt) - cnrnpt . (A-10) 
These  reduced  equations  include  capture  of  free  carriers  by  traps  and 
recombination  of  trapped  carriers  with  free  carriers  of  the  opposite  type. 
Electron  trapping  can be neglected in Si02  since p T E is  usually  greater n n  
than  the  oxide  thickness  even  for  small  applied  fields. Also ,  no  electron 
trapping  has  been  observed  during  radiation  recovery  experiments;  therefore, 
it  seems  safe  to  assume  that  N = 0. If both  the  applied  field and the 
generation  rate  are  constant,  then  after  an  initial  transient  the  free 
carrier  concentrations will approach  a  steady  state  condition.  Thus,  the 
rate  equations  are  finally  reduced  to 
tn 
" apt 
at - CptP(Ntp - P,> - cnrnpt 
an 1 aJn 
at 'nrnPt + 'n q ax 
-I- + - - =  0 
(A-10) 
(A-11) 
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I I 1111 IIII 
Neglecting carrier  diffusion 
(A-12) 
and  assuming  that  p-n << p the t' ' 
cbrrent  equations  and  Poisson's  equation  can  be  written 
Jn = qpnnE (A-13) 
J = qvppE (A-14) P 
(A-15) 
Equations  (A-10)  through  (A-151,  together  with  the  appropriate 
boundary  conditions,  describe  the  oxide  during  irradiation.  These 
equations  must  be  solved  numerically  to  obtain  the  free  and  trapped 
carrier  densities  as a function  of  time  and  position  within  the  oxide. 
Computer  Solution 
To  numerically  solve Eqs. (A-10)  through  (A-15),  it  becomes  convenient 
to rewrite  them in terms  of  normalized  variables.  After  combining 
Eqs.  (A-13)  and  )A-14) with (A-11)  and  (A-12) , respectively,  the  four 
normalized  equations  are: 
a; 
T'P, ' 
ax 
aF - 
(A-16) 
(A-17) 
(A-18) 
(A-19) 
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where 
- X 
X 
x = -  
0 
- Pt 
't N 
= -  
tP 
- n 
tP 
n = -  
N 
- -P q?J ? J -  
=pt 
g 
c N  
Pt tP 
EE 
G =  2 
F=- 
qNtpxo 
C nr 
Pt 
Y f C  
- gn 
c N  Gn - 2 nr tp 
x = dielectric  thickness . 
0 
Equation  (A-19)  is  integrated  to  obtain an expression  for  F  as a
function of x subject  to  the  boundary  conditions  on v(0) and v(x ) .  If 
it  is  assumed  that  there is no  trapped  charge  initially,  then  upon  inte- 
grating  Eq.  (A-19)  one  obtains 
0 
(A-20) 
0 0  0 
where V is  the  magnitude  of  the  applied  voltage.  Equations  (A-16), 
(A-17) , (A-18) , and  (A-20)  are  in a  form  convenient  for  numerical  solution 
of the  four  unknowns p,, n, p, and F as  a function  of  time  and  position 
within  the  dielectric.  After  selecting  appropriate  values  for  the  various 
constants, the  following  procedure  was  followed in solving  these  four 
equations: 
aPP 
- - -  
(1) Assume  that it is  known initially  (here Gt = 0 at t = 0 ) .  
(2) Solve E q ,  (A-20) for  the  field F(x). 
(3) Solve E q s .  (A-17) and (A-18)  for ;(x) and ;(x) at  the  initial 
time  using  the  boundary  conditions  that ;(x) = 0 at one  boundary 
and p(x) = 0 at  the  other.  This  assumes  that  F # 0 anywhere 
within the  sample  and  that  there  is no carrier  injection  into 
the  oxide  at  the  boundaries. 
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a i  
a t  
(4) Using F (x) , ;(x) , and i(x) calculate “I, then  extrapolate  to  find - 
pt at  the  next  time  interval. 
(5) Repeat  the  above  steps  using  the  new it.
The  integrations  on 2 and f were  done by a  predictor-corrector  method 
with  the  solutions  iterated  until  consistent  values  were  obtained  at  each 
point in time. 
The  computer  solutions  followed  the  expected  results  during  the  initial 
intervals  of  charge  build-up. In the region  near  one  interface (Z = 1) the 
concentration  of  free  holes (ji) began  to  increase  while  the  free  electron 
concentration (n) became  smaller  as  the  induced  carriers  were  swept in 
opposite  directions  by  the  applied  field.  The  concentration  of  trapped 
holes ( 3  ) also  began to build-up,  generally  following  the  free  hole  distri- 
bution  between  the  two  boundaries.  As  grew  larger,  the  field F increased 
in  the  space  charge  region  and  became  smaller  near  the  other  interface 
(S = 0). Finally,  at  this  interface F approached  zero, ii became  unbounded, 
and  the solution  broke  down.  At  this  point  it  became  apparent  that  a  dif- 
fusion  term  must be included in Eq.  (A-13)  to  prevent a build-up  of free 
electrons in the  region of  the  zero  field  point.  Unfortunately,  this 
added  term  complicates  the  problem  making  a  numerical  solution  more  difficult. 
The  difficulties  encountered in developing  a  program  to  solve  the  resulting 
equations were not  overcome  during  this  project. 
t 
t 
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